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Abstract
A high-traction fluid is one of the vital components of a traction drive; a 
mechanism where input power is transformed into an output force when pressure and 
shear force are applied to the fluid. In this environment they need to withstand high 
pressures, temperatures and shear forces, and must be able to lubricate at the same 
time. So far there has been very little research relating engineering performance to 
molecular structure.
Previous work with model hydrocarbon traction fluids has shown that molecular 
rigidity about the centre of the molecule appears to be important. This work has now 
been extended to cyclohexyl esters. A series of cyclohexyl esters was synthesised, and 
where possible, x-ray structures were obtained. Extensive 13C Tx and NOE relaxation 
data over a range of radiofrequencies and temperatures were obtained and used to 
calculate correlation times, for both overall and internal motion, using both the "model- 
free" and reduced Lorentzian models. This provided information on the rigidity of the 
molecules studied. In addition molecules have been modelled using molecular dynamics 
techniques to calculate order parameters and torsion angle distributions. ESR studies 
have been conducted to measure the viscosity of each fluid. A spin probe, with a similar 
structure to one of the molecules studied, was synthesised. This allowed complimentary 
correlation time measurement, and showed that the molecule rotated isotropically.
Difficulties were encountered in fitting the NMR data to the motional models 
and the need for higher radiofrequency data is indicated, to check the validity of the 
models used. The NMR, ESR and molecular dynamics results did, however, provide a 
consistent indication of the differing rigidities and motions of these molecules.
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Chapter One
Introduction
21.1. Synthetic High-Traction Fluids
1.1.1 Background
Traction fluids, both from petroleum and synthetic origins, are used in a number 
of devices, such as gears, rolling bearings and traction drives. These devices all have 
elastohydrodynamic contacts, which contain a lubricating fluid. Requirements for the 
fluid in the EHD contact change from device to device. Gears require low-traction 
fluids. In rolling bearings it is the control of traction that is most important. Traction 
drives need a high traction fluid in their elastohydrodynamic contacts. Though low 
traction fluids are obtained from mineral oils, it is important to realise that high-traction 
fluids do not occur naturally. This project is concerned with the development of 
synthetic high-traction fluids (generally called traction fluids) using a molecular 
approach.
1.1.2 Traction Drives1
Though the basic design of traction drives has been around for many years, it 
has not been extensively developed or adopted in the automobile industiy. It is only 
now that their tine potential, as a means of fuel economy, is being re-evaluated. Fuel 
savings of up to * 20 - 50 % have been predicted2 for vehicles with continuously 
variable transmissions, with the largest savings for vehicles constantly undergoing stop- 
go driving.
There are many different traction drive designs, but the principle behind them is 
that they transmit mechanical power from an engine to the wheels of a vehicle by 
shearing a fluid film. Mechanical shaft power is transferred, from the source to the 
load, by means of metal rollers. The type of rollers used is not important. They can be 
cones, cylinders, or spheres, and usually made from hardened steel or a chromium
3plated metal. It is the fluid used that is important to drive performance and this will be 
discussed later (section 1.2.2).
There are three fundamental components that must be present in the traction
drive :
• the input metal rollers
• the traction fluid
• the output metal rollers.
Elastohydrodynamic lubrication occurs at the point or line of contact between 
the input and output rollers, and so all the loading is concentrated over a small contact 
area. A traction drive depends on the low rate of shearing of this very thin fluid film to 
transmit the considerable forces between the input and output rollers. The fluid used 
must be selected veiy carefully ensuring that it has a high viscosity-pressure index. This 
is important when the fluid is put under extreme, and almost instantaneous, pressures of 
up to several thousand atmospheres. Under this pressure the fluid's viscosity must 
increase so that it can support a force without allowing any of the metal parts to come 
into contact with each other. The application of a high pressure also causes a large 
increase in temperature.
There is a built in speed ratio for the transmitted mechanical power. While this 
ratio is not necessarily variable there are several ways to accomplish it in the many of 
the designs of drives available. It is this variable ratio that has provided a powerful 
impetus for the development of traction drives for the automobile industry. So the 
search for the continuously variable transmission has led to increasing research into 
better designed traction drives, and hence better high-traction fluids.
41.1.2.1 Progress of Traction Drives
Early disadvantages with traction drives were a lack of durability and a lack of 
automotive control. After much research these problems have been successfully 
addressed. The use of hardened steel rolling surfaces instead of gears produces 
reliability. Modem drives now have automotive control, and increased performance 
with the use of synthetic traction fluids.
1.1.3 Traction Fundamentals3
The coefficient of traction, p, is used to express the tangential force on the 
roller as a percentage of the normal force, under standard conditions. Or put another 
way it is the ratio of traction force to contact force. So for low traction lubricants a p 
value of approximately 4% is expected (from a linear paraffin molecule), and for high 
traction a p value of 11% is expected (for a hydrocarbon). Achievable traction is a 
function of both the type of fluid and the thickness of film, so viscosity is important.
1.1.3.1 Fluid Development
The greatest difficulties in the development of traction drives were the 
degradation of the traction fluid at high pressures, experienced between the rolling 
surfaces, and limited traction coefficients. In the early development of the traction drive 
the requirements of the traction fluid were neglected, with most effort going into the 
improvement of the engineering materials and their durability. This is now changing and 
there is increasing interest in designing better and cheaper lubricants. As the 
requir ements become more demanding there has been a definite push towards synthetic 
lubricants. Mineral oils are derived from crude oil and consist of complex mixtures of 
naturally occurring hydrocarbons. The obvious advantage of synthetic fluids is that they 
have uniform molecular- structures with well defined properties that can be tailored to
5specific applications. One of the main concerns has been the excess cost of these oils 
over mineral oil products. However in the last few years there has been a great surge of 
interest from Japan, America, and by chemical companies, such as Monsanto. The 
most successful, and best known high-traction lubricants are Monsanto's Santotrac 
(dicyclohexyl methyl-pentane, DCMP), and Santotrac analogues. They have traction 
coefficients = 50% higher than for the naturally occurring naphthenic fluids, and they 
are stable at high temperatures.
1.1.4 Traction Fluids
There are several properties that a high-traction fluid should have :
i) It must be able to transfer a large force when being sheared in a thin film.
ii) It must be resistant to decomposition (i.e. it must be thermally and chemically 
stable, and ageing and oxidation resistant). It must also be non-corrosive and non-toxic.
iii) It must maintain an adequate fluid film thickness, which is dependent on the fluids 
viscosity.
iv) It must be compressible so it is not squeezed out of the elastohydrodynamic contact. 
This is related to a  the pressure-viscosity constant in Barns' equation (section 1.2.4.2).
v) It should act as a lubricant.
vi) It should be biodegradable.
There are important features common to all traction fluids. Firstly the viscosity of the 
lubricant cannot be so high (at low temper atures) that it cannot be pumped, or so low 
(at high temper atures) that it cannot form an adequate film.
The molecules used are basically of three types :
•Those with string-like molecules are the paraffin based fluids. These are excellent 
lubricants for plain bearings but have relatively low traction coefficients.
6• Ring type molecules are the naphthenic based fluids. These have good traction 
properties , they are however not as good lubricants as the paraffinic lubricants.
• Synthetic hydrocarbons containing cyclohexyl groups, such as Santotrac, This is 
where most fluid development is being directed.
So far there has been little work done on ester traction fluids, though Shell has 
patented some.4
1.1.5 Elastohydrodynamic (EHD) Lubrication5
In the EHD contact the lubricant is dragged into the contact area, which is 
elastically flattened due to the intense pressures. Once in the contact zone the fluid 
increases in viscosity in response to the rise in pressure. Both the film thickness and 
traction in the EHD contact are determined by the way the fluid molecules respond to 
conditions inside the contact. The film thickness is determined by how the lubricant 
behaves in the inlet region. Traction is determined in the central zone. Conditions in 
these two regions are slightly different.
Inlet resion Central resion
Pressure 108 Pa 109 Pa
Shear Rate 106 to 10s s-1 106 to 108 s-1
Shear Stress 1 to 10 MPa 80 to 300 MPa
Time « 10-4 s-1 ~ 10-4 s-1
Figure 1.1 Standard conditions in the EHD contact
To design improved traction fluids it is necessary to understand the behaviour of 
the fluid in the contact. However with the conditions being extreme it is difficult to
7model the fluid as test conditions are difficult to produce in macroscopic test 
equipment. Currently fluid performance tends to be inferred through indirect 
information.
1.1.6 Elastohvdrodvnamic Traction
Virtually all the research on traction fluids has been from the mechanical 
engineer's perspective. Here only the bulk properties of the fluid have been modelled, 
with work at the molecular level neglected.
The basic rheological properties of the traction fluid are extracted from the 
traction curve (Fig. 1.2). This curve is obtained through the measurement of traction of 
a fluid between two rotating bodies at pressure plotted against the slide/roll ratio.
Figure 1.2 Traction curve
There are three main areas. At small strain rates, low pressure and moderate 
temperature the fluid is Newtonian and this corresponds to the linear region (I). In this
8region the fluid is highly viscous. At higher pressures and moderate temperature the 
fluid acts more like a plastic solid, and is non-Newtonian in character (region II). In this 
region shear is regarded to be isothermal. This region is best described by Eyring's 
thermal activation theoiy6 of fluid flow which suggest a 'sinlV relationship between 
strain rate (y )  and stress (t). Even though Eyring's theoiy is generally rejected by 
liquid-state physicists, it is successful and does have a wide application for lubricant 
fluids over a surprisingly large range of parameters. As pressure is applied to the liquid 
film the space available for molecular movement is significantly reduced and the 
thermal energy needed for molecular movement increases. The shear rate for the film 
can be written as:
Where: lc = Boltzmann constant 
T = temperature 
e = the potential energy barrier 
p = pressure
cj) = pressure activation volume ( approx. half the volume of the molecule)
= stress activation energy
At fixed pressure and temperature and at small shear rates y is proportional to t and 
the film shows Newtonian viscosity. However when the shear rate increases and the 
liquid becomes non-Newtonian the relationship between shear stress t (traction) is 
proportional to lay and can be reduced to :
y  = rt{exp-(^+ p(f)/kT} swh(tQfkT) 1.1
* = To + PP 1.2
where:
Q Q 1.2a
9So the tractive force can be related to a, the pressure-viscosity constant. It is apparent 
that traction increases with increasing [1 and p. Johnson and Tevaarwerk7 have 
developed a relationship which relates viscosity to traction:
m  = T0sinh(fyr0) L3
where i:0 is the stress at which the fluid becomes non-Newtonian, and x\ is the 
(Newtonian) viscosity at small shear rates both of which are dependent on temperature 
and pressure, and ultimately molecular structure. While the fluid is in this glass 
transition phase traction is also dependent on the elastic modulus (G) of the film.
The traction coefficient then reaches a peak and falls off. This is region HI and 
is known as the thermal region, as the effect on traction at high rotational rates is a 
thermal one. In the thermal region both ri and t0 are likely to be effected by shear 
heating so the variation of traction with sliding speed will depart from the sinh form. 
The influence of temperature is predominantly through the viscosity of the film. The 
parameters affecting traction (tj and t0) are fundamental to the lubricant, so properties 
of the fluid need to be investigated when developing an improved synthetic high 
fraction fluid. A fluid's performance can thus be modelled and predicted by 
investigating the physical properties of the fluid molecule, eliminating the need for 
specialist engineering equipment and for large quantities of the synthetic fluid.
It is clear that viscosity plays an enormous part in the performance of a synthetic 
high traction fluid. Chemical structure plays a large role in viscosity and is discussed in 
section 1.2.3.
1.1.7 Cyclohexyl Esters
There are advantages in using esters over hydrocarbons. The ester linkage is an 
exceptionally stable one3; more so than the C-C bond, with its higher bond energy8 (C-
10
C bond energy =69-71 kcal mol*1, C-O bond energy =73-74 kcal mol*1). This leads to 
greater thermal stability and greater resistance to shearing forces over hydrocarbons. 
The latter being especially important for traction fluids. The thermal stability of the 
molecule can also be affected by changing its structure. Cyclohexyl esters have a 
definite advantage over alkyl esters. Alkyl esters are susceptible to thermal 
decomposition to produce acids and 1-alkenes, via a six-membered ring intermediate 
(Fig. 1.3).
Fig. 1.3 Thermal decomposition of esters with beta hydrogens in trails position.
Cyclohexyl lings have superior thermal stability as the {3-carbon has to be trans to the 
ester gr oup in order to decompose, which corresponds to an axial position for the ester 
gr oup on the cyclohexyl ring which is extremely unfavourable.
Hydrolytic stability of esters is dependent on several factors. During synthesis 
the degree of esterification is important and must be high, and the amount of catalyst 
remaining in the lubricant must be minimal. A high degr ee of substitution about the acid 
group will hinder hydrolysis, while steric hindrance about the alcohol group has little 
effect.
With environmental issues gaining importance worldwide, and strict 
environmental legislation following, the biodegradability of the traction fluid is a major 
consideration. The envir onmental impact of esters is said9 to be low, with negligible 
threat to rivers or seas. They are biodegradable and are, in fact, far more so than 
mineral oils. Factors that increase the biodegradability are position and degree of 
branching, degree of saturation and molecular weight.
11
1.1.7.1 Cyclohexyl Esters o f Succinic and Malonic Adds
Both substituted and unsubstituted esters of succinic and malonic acids make up 
the bulk of molecules investigated in this project (Figs. 1.4a-h). These molecules were 
chosen to cover a range of molecular properties. Methyl gr oups on the cyclohexyl rings 
increase viscosity (section 1.2.3), and methyl groups on the acid backbone of the 
molecule increase the rigidity of the molecule)
Figure 1.4a Dicyclohexyl succinate (dcs)
\
c = o/
o
Figure 1.4b Dicyclohexyl 2,2-dimethylsuccinate (dc22dms)
O
O -  c '
\  c —CH©V / I
c — City 
\ J C =  0
/
Figure 1.4c dicyclohexyl 2,3-dimethylsuccinate (dc23dms)
12
Figure 1.4d Di-4-methylcyclohexyI succinate (d4mcs)
c = o
Figure 1.4e di-2-methylcyclohexyl succinate (d2incs)
Figure 1.4f dicyclohexyl malonate (dcm)
Figure 1.4g dicyclohexyl methylmalonate (dcmm)
13
Figure 1.4h dicyclohexyl dimethylmalonate (dcdmm)
1.1.7.2 Other Cyclohexyl Esters
There are two other molecules of interest in this project:
Figure 1.5a dicyclohexyl 3,4-furandicarboxylate (dcfdc)
Figure 1.5b Spin probe for dcfdc (dead)
A spin probe with an almost identical structure to dcfdc (Fig 1.5b) can be 
synthesised, so allowing ESR measurements to be obtained that are complementaiy to 
some of the NMR measurements.
14
Figure 1.6 tricyclohexyl 1,2,3-propanetricarboxylate (tcptc)
Some previous work4 has shown some good results for tri-esters, so tcptc 
looks quite promising.
15
1.2.1 Introduction
The ability of a liquid to flow is measured by its viscosity10, and is dependent 
on several factors11 :
tj or v °c f(T,p,s,t) 1.4
Where : tj = viscosity
v = kinematic viscosity (= 17 / liquid density)
T -  temperature (77 generally decreases with increasing temperature. A 
comparison of the effect of temperature on viscosity between liquids is the viscosity 
index9)
p = pressure (17 increases with increasing pressure, with the important 
exception of water or aqueous solutions, as the molecules are pushed further together) 
s = shearing forces (these depend on intramolecular interactions but do not 
affect 17 for molecules with aRMMless than ~ 20 000) 
t = time
Liquid viscosity is related to (i) liquid flow when there is an applied shear 
force, (ii) how intermolecular forces are affected by the external force and (iii) how 
they ultimately resist the motion. Viscosity is most important in lubricant technology as 
it dictates how a lubricant will perform its specific tasks: e.g. reducing wear, or 
minimising friction.
Classical methods used in the determination of viscosity include:
1.2 . V is c o s ity
• Transpiration through capillaries.
16
• Torque of rotating cylinders, or the damping of an oscillating solid disk or a sphere 
in the liquid.
• Fall of a solid sphere through the liquid.
There are also some novel approaches to measuring viscosity using NMR12 and 
ESR13 (chapter 3).
The effect of temperature on viscosity is often discussed in terms of the 
activation energy (Ea) for molecules to move, and is represented by the following 
equation :
j j -x ex p  [E J R T )  1.5
Where R = gas constant. This implies that r\ varies exponentially with T. To a 
certain extent this is true, but only over a small temperature range. It is the 
intermolecular forces between the molecules that govern the magnitude of Ea. Using 
this relationship the volume of a molecule can be related to viscosity6:
r, = i f f  exp (E J R T )
V m
■Where : h = Planck's constant
Na = Avogadro's number
Vm = volume per mole of the liquid
Ea = molecular activation energy
The most common method for comparing the variation of viscosity with 
temperature between different oils, is the viscosity index (VI). It is a dimensionless 
number and is calculated by measuring the kinematic viscosity at two different 
temperatures (40°C and 100°C) and comparing the viscosity change with a reference 
sample.
17
Of importance to this work is the linking of viscosity and NMR and ESR 
relaxation times by the mobilities of molecules, and by the structure of the molecule.
1.2.2 Relationship between Viscosity and Chemical Structure
Viscosity is a function of chemical structure and as such is dependent on the 
size and shape of a molecule. There is a general trend for viscosity to increase as 
molecular mass increases. The effect of temperature on rf is dependent on the type of 
molecule. Viscosity is less dependent on temperature for aliphatic compounds than 
cycloaliphatic or aromatic compounds. There is also a strong relationship between 
viscosity and the ratio of chain carbons to ring carbons in a molecule.
Chain branching (i.e. increasing the volume of the molecule) increases tj. This 
has been shown to apply especially to esters . Also the chain length and number of 
substituents increase the sensitivity to pressure. Both these rules apply to ar omatic and 
saturated ring compounds. Groups that reduce the rigidity of a molecule, such as ether 
linkages, will reduce viscosity; while polar' groups, such as halogens, hydroxyl or nitro 
groups, increase 77. The work of Clark and Brown14 on molecular dynamics has shown 
a relationship between the flexibility of a molecule and its viscosity. As flexibility 
increases the molecular self-diffusion is increased and viscosity is markedly reduced. 
The reduction in viscosity can be by as much as a factor of 2.
There is a relationship between the conformation of a molecule and its 
viscosity. Trans isomers have greater viscosities than the cis equivalent. Viscosity 
increases with each addition of CH2  group, but with a diminishing extent as the 
number of groups increases.
18
1.2.2.1 Viscosity of Ester Lubricants
The viscosity of ester lubricants11 can easily be modified by altering the 
molecular structure. The viscosity can be increased by increasing the chain lengths of 
both the acid and alcohol, or increasing the number of ester groups (effectively 
increasing molecular weight). Also increasing the size and extent of chain branching 
affects viscosity as does the inclusion of cyclic groups on the backbone, and by 
maximising dipolar interactions.
It should be noted that a disadvantage with long chains is their tendency to 
shear into smaller fragments under stress. This is definitely a restrictive structural 
feature for traction fluids.
1.2.3 Effects on Lubricant Viscosity in the Elastohvdrodvnamic Environment
Both the effect of pressure and shearing forces on viscosity is important for 
fluids in EHD contacts.
1.2.3.1 Viscosity-Shear Relationship
A shearing stress is produced between the molecules of the liquid and any 
contacting surface. In a Newtonian liquid viscosity is independent of shear rate, and in 
a non-Newtonian liquid viscosity varies with shear rate. Pure mineral oils, and 
synthetic lubricants with similar molecular masses, are Newtonian liquids at normal 
pressures. Shear rate also has an effect on the traction coefficient of the lubricant1 
(Fig. 1.2).
19
In conventional hydrodynamically lubricated bearings the oil film is 
comparatively thick (0.5 mm), and the pressure is low (~ 1 0 6 Pa), the oil behaves as a 
Newtonian liquid, and frictional resistance is independent of pressure. In an EHD 
contact the fluid film is much thinner ( - 1 . 0  pm) and the pressure is considerably 
higher (— 109 Pa) so the liquid acts more like a plastic solid. However the viscosity of 
the fluid is important even in this state, so a relationship between viscosity and pressure 
is essential. One of the most widely used relations is the Bains law:
q = fjQ&xp(ap) 1.7
where r\ = viscosity at gauge pressure
tj0 =  viscosity at atmospheric pressure 
p = pressure
a = pressure-viscosity coefficient of lubricant
The pressure-viscosity coefficient is related to the compressibility of the 
lubricant, and the greater the compressibility of the fluid the greater its traction in an 
EHD contact. While this law is simple and often used, noticeable deviations have been 
found.
1.2.4 Flow Properties and Pour Points
Other important features of a lubricant are its flow properties, and pour points, 
which are both linked to viscosity. The flow properties of a liquid (its viscosity index 
VI) can be increased by increasing the acid or alcohol chain lengths, and by increasing 
the linearity of the molecule. Cyclic groups on the backbone decrease the flow point,
1.2.3.2 Viscosity-Pressure Relationship7
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as do aliphatic branches, but to a lesser extent Molecular configuration is also of 
importance. The more ’compact' the molecule the lower the viscosity index.
The pour point is the lowest temperature at which the sample lubricant will 
flow by gravity alone. The pour point can be decreased by both the amount of 
branching and the position of branching. Branching near the centre of the molecule 
gives lower pour points than branching near the end of a molecule. Decreasing the acid 
chain length decrease the pour point, as does decreasing the internal symmetry of the 
molecule.
There is a see-saw effect between improving the flow properties of a liquid and 
its pour point. For example increasing the branching of the molecule lowers the pour 
point, but decreases the viscosity index. Mixing9 both branched and normal esters 
(with an equal number of carbons) has a VI between the branched and normal ester, 
but the pour point is less than for either type of ester on their own.
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1.3 Magnetic Resonance Relaxation
1.3.1 Introduction
1.3.1.1 Macroscopic Magnetisation
the nuclear spin of
The classical view is that a nucleus with spin (for example 13C/1H), when put 
into a magnetic field, will process around the z axis (direction of field) at the Larmor 
frequency, \>L, widi an angle of 54.44° (Fig 1.7).
Z, Bo
m = +1/2
m = -1/2
Na — population of spin a (T) 
Np = population of spin {3 (4)
Where n\ is the magnetic quantum number, with spin I. 
Figure 1.7 Distribution of nuclear spins, Na and Np.
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The system is in thermal equilibrium and has a Boltzmann distribution of 
energies.
kB = Boltzmann constant
AE = Energy difference between m= +V2 and m= -V2 
T = absolute temperature in K
The energy difference between levels is only very small compared with 1<BT, so 
the populations are almost equal. There is, however, a slight excess of spin a. So 
because Na is veiy slightly greater than Np there is a resultant macroscopic
magnetisation, M0, along the field axis z.
1.3.1.2 Pulse Angle
To induce a transition between spins (a —» j3, or |3 -» a ) a small oscillating 
magnetic field, Bx is necessaty. This rotates with angular velocity 00 and induces a 
rotating magnetisation in the x, y plane. To simplify the motion of M0 a rotating co­
ordinate system is used, x\ y ' and z. These co-ordinates rotate at the same frequency as 
Br The x' axis is defined as being along the direction of Br The effect of is to turn 
M0 about the x' axis. The angle through which M0 is turned is known as the pulse 
angle, 0. So if the direction of Bx is along the x' axis the pulse angles are called 90x,° 
and 180x,°. Many experiments use pulse angles of 90° and 180°.
1.8
After pulse of arbitrary angle After a 90 degree pulse After a 180 degree pulse
Figure 1.8 Pulse angles
The pulse angle is increased by increasing the pulse duration t. The pulse width 
depends on many factors and for experiments where a specific pulse width is used it 
must be measured at regular intervals.
1.3.1.3 Relaxation
A pulse will deflect the macroscopic magnetisation vector by angle © from the z 
axis. After the pulse is switched off the magnetisation will relax back to its equilibrium
position; M^  and My will become zero and Mz will become M0.
❖It was F. Bloch who first looked at this process and decided that it was first 
order and could be described by two different relaxation times; T3 and T2. To simplify 
the system, rotating co-ordinates (x'5 y', z) are used. This is known as the rotating 
frame. Bloch’s equations for relaxation in the rotating frame are as follows:
dt
1.9
dMy _ My
1.9a/b
dt T2
* F. Bloch, W,W. Hansen andM.E. Packard Phys. Rev. 70, 474 (1946)
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Where Tx is the spin-lattice or longitudinal relaxation time, and T2 is the spin-spin or 
transverse relaxation time. The rate constants for these relaxation processes are the 
reciprocals for the relaxation times, T j 1 and T2_1. Spin-lattice relaxation refers to the 
transfer of energy from the spin system to the lattice, and has more relevance to the 
chemist than does spin-spin relaxation.
Spins in a sample do not exclusively interact with the magnetic field B0. This is 
because there are various internal magnetic and electric fields caused by both electric 
and nuclear magnetic moments, and by electric charges of all the other nuclei in the 
molecules in the sample. In a sample, internal forces change randomly and rapidly due 
to the Brownian thermal motions of the molecules. Relaxation rates are influenced by 
the environment of the nucleus and the motion of the molecule containing it.
Interactions between the nuclei of I = 14 and the lattice (nuclear environment) 
are magnetic in origin. For nuclei of I > 14 the electric quadrapole moment interacts 
with fluctuating electric field gradients . Magnetic moments, that create the magnetic 
field ar ound spins, are in constant motion, and as such have a wide range of motional 
frequencies. This range is largely influenced by the viscosity of the liquid and covers the 
Larmor frequency which is necessary for an NMR transition. Nuclear precession 
frequencies are relatively slow compared with molecular motion, and hence it is only 
the slower rotational motions that can match the nuclear precession frequencies and so 
can be probed by NMR. The distribution function for rotational motion is a Lorentzian 
function of frequency, and is known as the spectral density. The frequency domain 
function can be written as:
+CQ
j { o j )  -  JG(t) exp (~io)T) dr   ^ -^ 0
— CQ
where G(t) is the auto-correlation function which describes the
time dependence of the fluctuating magnetic field, co is the frequency, and t is time. 
Solving this equation gives the Lorentzian form of the spectral density:
j{co) -  — -j -   ^ ' (1 + 6)2tl)
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1.11
From this it can be seen that the spectral density is dependent on the rotational 
correlation time, xc, which characterises the timescale for molecular reorientation.
Figure 1.9 Spectral density
At low enough frequency the relaxation rate is frequency independent. This 
region is when ({ 1 and is known as extreme narrowing. By collecting data at 
different frequencies and temperatures, and calculating spectral densities, information 
on molecular motions can be obtained. As the temperature increases molecular motion 
speeds up, leading to shortened xc values, and greater values for Tv as relaxation 
becomes less efficient.
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There are various intra- and intemiolecular mechanisms for 13C spin-lattice 
relaxation:
• dipole-dipole relaxation (dipolar)
• spin-rotation relaxation (SR)
• relaxation due to chemical shift anisotropy (CSA)
• relaxation due to scalar coupling (SC)
• electric quadrupolar relaxation (for nuclei where I > V2)
1.3.2.1 Dipole-Dipole
The main contribution to 13C relaxation is from dipole-dipole coupling. This can 
be directly measured through the nuclear Overhauser effect (NOE). Dipolar relaxation 
is especially efficient when the carbon has one or more hydrogens attached. The
V magnetic
interaction between two nuclei, A and X, is proportional to Hie inverse cube of the 
intemuclear distance, r, and is dependent on the angle of the intemuclear vector to the 
static magnetic field, B0.
1.3.2 Relaxation Mechanisms
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Figure 1.10 Dipolar coupling
The interaction between nuclei is modulated by molecular tumbling (which 
affects inter- and intra-molecular interactions), and translational diffusion (which affects 
inteimolecular interactions), and as the angle 0 fluctuates relaxation occurs. There are 
equations describing these processes, at extreme narrowing, depending on whether they 
are homonuclear or heteronuclear:
dipolar interaction, intramolecular, heteronuclear:
- for a single pah of spin XA nuclei with separation r.
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dipolar interaction, intramolecular, homonuclear:
1.13
- for a single pair of spin !4 nuclei with separation r.
dipolar interaction, intennolecular, heteronuclear:
1.14
- for relaxation by a spin Vz nucleus X.
For two nuclei in different molecules the intemuclear distance is constantly 
changing as the molecules tumble. To account for this the terms Nx, r and D are used, 
where Nx is the concentration of X spins, r is the distance of closest approach of spins 
A and X, and D is the mutual translational self-diffusion coefficient of the molecules 
containing the spins A and X.
An Arrhenius relationship can be used to describe correlation time, tc, in terms 
of an activation energy, Ea, and a correlation time at 298K, tc298.
hi dipole-dipole coupling both single and mutual spin flips, causing cross­
relaxation are allowed. If a two spin system, AX, is considered, then the possible 
transition pathways can be shown as in Fig. 1.11.
1.15
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PP
Figure 1.11 Transition rates for spin system AX
The rate for single flips is W l5 whether it is a|3—>{3p or aa—>pa, as they are 
equivalent pathways; and for mutual flips the rate is either W 2 or W 0. If nuclei X  is 
strongly irradiated the spin-lattice relaxation for A is exponential, with rate :
T j  = W'o + 2 Wu  + W2 1.16
In order to calculate the dipolar contribution to T, ' 1 it is necessaiy to obtain 
expressions for W 15 W 0, and W2. The following equations can be derived15:
Wo ~ M (2 ^ R ) 1.17a
= is [2n  r )1 J { c° a) 1.17b
W2 = & (2 *  r T J{a>z + L17c
where R is the dipolar interaction constant, (p/47i)yAyx(ft/27t)r3AX, and 0 0A and 0 )x 
being the frequencies for nuclei A and X  in rad sr1. Inserting these equations into 
equation 1.16 , the relaxation rate for M0 due to dipolar interactions becomes:
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Pidd ~ 2^0 (2/r i?) [/(<£>x cqa) + 3.7 (©4) + 6j[cox + fty)]
1.18
77- 1 -  i/ J\d - /to -+
~ <»a)2tJ 1+©U2
■+
A c 1 + {wx + mA)Wc
(2itR) 2
1.18a
For this work dipolar relaxation is the predominant mechanism, though for molecules 
containing deuterium, nuclear quadmpole relaxation needs to be considered.
1.3.2.2 Nuclear Quadmnole
For nuclei with spin > M>, then electric field gradients arising from molecular re­
orientation interact with the electric quadmpolar moment of the nucleus, and cause 
relaxation. The nuclear quadmpole coupling constant, %, is:
units in Hz 1.19
where qzz is the electric field along the z axis, h is the Boltzmann constant, e is the
V quadmpole
electron charge and Q is the nuclear moment.. Since at extreme narrowing
TiQ = T2Q, T1q may be obtained from the linewidth. Relaxation is only truly exponential 
for nuclei with spin I = 1, such as deuterium. The full expression for nuclear 
quadmpole relaxation is:
T~l = -  n Y  is 10Q X 1 +
rf 2/+1
I 1 (21+1)
[J{a>0) + 4J{2G>0}] 1.20
of the interaction with the electric field 
where T| is the asymmetry parameter! The measurement of deuterium relaxation rates
can yield information on molecular motion complementary to that obtained from
dipolar relaxation.
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1.3.2.3 The Nuclear Overhauser Effect (NOE)
Saturation of X spins, as described above, leads to a redistribution of spin 
populations of spin A. Transitions for spin A are enhanced by a factor of (1+T|), where 
T| is the nuclear Overhauser enhancement factor. The NOE is dependent on the balance 
of relaxation mechanisms.
NOE =  1+ 2 j l  
2rA
t j  =
2 rA
1ldd
L*T
1.21
1 .2 1 a
-i
where T\ is the relaxation rate for nucleus A. In extreme narrowing and for solely 
dipolar relaxation rj reduces to y x / 2 y A. The NOE factor is influenced by the presence 
of any other relaxation mechanism, and molecular motion. As the molecule slows down 
then T[ is reduced; for 13C with *H irradiation the lower limit for T[ is 0.15416.
1.3.2.4 Chemical Shift Anisotropy (CSA)
The fluctuating magnetic field experienced by a nucleus, and needed for a NMR 
transition, can be affected by anisotropic shielding environments, and thus relaxation is 
affected. The relaxation rate expression is:
T ^ a = a>0lAo*(l + -^)4®o) h22
Where Ac is the anisotropy of the axially symmetric shielding and p is the anisotropy parameter
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This relaxation mechanism is dominant for carbonyl carbons in the esters investigated at 
the high frequencies used.
1.3.2.5 Spin-rotation (SR)
Coherent molecular rotation can generate a magnetic field, which couples with 
the nuclear spin. This interaction involves a magnetic field at the nucleus, and if it is 
interrupted by molecular collisions then this provides a mechanism for nuclear 
relaxation. The correlation time, Tsr, associated with tiiis mechanism is the time between 
consecutive collisions, and differs from the correlation time for molecular tumbling. For 
a spherical top the relaxation rate, in extreme narrowing, is
_  2 I k B T C 2 T s r
~ ;,2 1.23
where C is the isotropic spin-rotation constant for a nucleus at the centre of symmetry, 
and where I is the molecular moment of inertia. Under conditions of extreme 
narrowing, unlike previous mechanisms which depend on tc, an increase in temperature 
results in more efficient relaxation.
1.3.2.6 Scalar Coupling (SC)
If nuclear spin A is interacting with spin X, through scalar coupling (JAX), then
A will experience a fluctuating magnetic field. Relaxation of A will occur under one of
two possible methods. The first is that JAX is time-dependent as a result of chemical
i/ inverse of
exchange, and tsc corresponds to the exchange rate. The second method is that 
relaxation for spin X provides the fluctuation and nsc is T1X.
n i  = | +i) - 7 Tsc t t i
1 +  \ CD x  CD A j  Tsc 1.24
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Typically Tty}, is negligible at normal resonant frequencies, and it is more likely of scalar 
relaxation to affect T2.
1.3.2.7 Separation of Mechanisms
The total relaxation rate can be considered to be the sum of all the 
contributions.
~ I'lDD +  ^lCSd +  SR +  SC + PIUE 1.25
The relative importance of each mechanism depends on the nucleus, the symmetry of
its environment, the magnetic field and the temperature of the system. Samples should
be degassed to remove dissolved oxygen, as this would aid relaxation and affect Tx 
measurements. TXq is only relevant for nuclei of spin > 14, and then is the dominant
relaxation mechanism. Tty}, can be identified by its field dependence, but is rarely
important. In extreme narrowing can be identified by its temperature dependence,
which is the opposite to dipolar and CSA relaxation. T{)Sa can be identified through its
dependence on B0. Finally the fractional contribution of can be obtained directly
from NOE measurements.
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1.3.3.1 Inversion Recovery
There are a number of ways for measuring Tr The most commonly used, and 
most flexible, is the inversion recovery method. A series of 13C NMR spectra are 
collected using the pulse sequence [180° - t - 90° (FED) - Td ]n with continuous XH 
broadband (BB) decoupling.
1.3.3 Measurement of Spin-lattice Relaxation
Figure 1.12 Pulse sequence for the inversion recovery experiment
First a 180° pulse is applied to flip the z magnetisation, M0, onto the -z axis. Directly 
after the 180° pulse Mz will begin to relax, exponentially, back to its equilibrium. After 
a time Mz will become less negative, pass through a null point and then return to M0.
1 H  -  c h a n n e l
13C - channel
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After a time x a 90° pulse is used to flip Mz onto the y' or -y' axis, and an FID is 
collected, the sign and amplitude of the resulting peak depends on the delay t. This 
sequence is repeated n times with appropriate t  values, so as to follow relaxation. In 
practice there is a tau infinity value that corresponds to > 5TX. If the Tx values for eveiy 
carbon in a molecule are sufficiently close together, then 10 tau values are adequate. 
However if Tl values for each carbon have a wide range more tau values are needed. A 
time Td, which is generally (5TQ, is required before each pulse sequence, so that all 
nuclei can relax frilly. Tx is calculated for each peak by plotting peak intensities against x 
, and fitting typically using a three parameter fit:
From this it can be seen that at t = 0, Y is equal to*M0.
1.3.4 Motional Models
As described in section 1.3.1.3 NMR relaxation is related to molecular motion.
previously is for an isotropically rotating rigid body. However, molecules are not like 
this in reality, as they can be flexible, undergo anisotropic overall rotation, and/or can 
have internal motions in the right timescale to affect NMR relaxation. So to obtain 
quantitative information on the motion of the molecule a motional model is needed that 
takes into account some or all of the situations detailed above. There are three models 
used frequently: 1) The Woessner model 2) "Model-Free" approach and 3) The 
Reduced Lorentzian model.
1.26
To obtain information on this spectr al densities are used. The spectral density discussed
36
1.3.4.1 The Woessner Model17
Woessner considered the motion of a molecular axis which was symmetrically 
rotating about two axes, thus forming an axially symmetrical tumbling ellipsoid. Two 
independent correlation times: and t l, and the angle between the molecular axis and
the axis of internal rotation, A, can be specified. Where dipolar coupling is the 
dominant relaxation mechanism then equation 1.18a can be defined in terms of an 
effective correlation time, which is made up of the correlation times and and the
angle A (eqs. 1.28 and 1.28a)
% ■  =  +  5(a) t b  + c(a)tc 1.27
Where:
rt(A) = 4(3cos2 A -l)2 
5 (a) = 3sin2 Acos2 A 
C(a) = f sin4 A
and:
Ta = Tl
t i -  -  r"1 ~ 6 i± + 16 1.28a
t i -  I f 1— 3 JL + 2 -.-I3 1
In principle data from only two nuclei are needed to determine the two correlation 
times. This theory has since been extended to include small groups, such as methyl or 
phenyl, which are undergoing internal motion whilst the overall motion of the molecule 
is isotropic. It is here that this theory has primarily had its success. However, the 
applicability of the Woessner model is somewhat limited18’16, and parameters derived 
using the model are often erratic or unreasonable.
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Lipaii and Szabo19-20 proposed a "model-free" approach, where there were two
1.3.4.2 The Model-Free Approach
model, the equation for this method is a sum of Lorentzian terms which are multiplied 
by a normalised weighting term. Unlike the Woessner model this factor (S2) is not 
fixed. In the Woessner model the weighting factor is expressed in angular terms, thus 
the balance between the Lorentzian components is fixed. In the "model-free" method 
the factor can vaiy, thus making the equation unspecific to any type of internal motional 
model. A lot of success has been had with this method when applied to methyl 
groups21 or to flexible molecules22. The form of the spectral density:
The overall rotational correlation time is xc and the correlation time for internal motion 
is Te. S2 is the order parameter which is a measure of the spatial restriction of the 
internal motion. More rigid molecules will have considerably higher order parameters. 
If, however, the internal motion is too fast to be picked up by NMR, then the spectral 
density can be reduced, and this is the third model: Reduced Lorentzian.
If the internal motions are rapid enough (i.e. «  X) they will be within the 
extreme narrowing condition, and so are effectively averaged. The "model-free" 
spectral density can thus be written:
correlation times for both internal motions and overall rotations. Like the Woessner
1.29
where:
1 I 1 1.29a
T Tr T
J{<d) = S2-X j r  + 2(1-S2)t,
1 +  CO T 1.30
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and as xe gets smaller:
\ + GJLtLc
Fast picosecond librations cause an initial decay of the correlation time function which 
soon reaches a plateau due to the restrictive nature of the motions. The decay is then 
dominated by the slower overall rotational motion. The spectral density is reduced at 
the Larmor frequency. If relaxation is dominated by faster internal motions, as in 
flexible molecules, this is reflected in the order parameter, which is reduced, thus 
making the second Lorentzian term the dominant in the spectral density. Conversely if 
the molecule is rigid the order parameter increases up to its maximum value, 1. The 
spectral density in this case is Lorentzian (eq. 1.11).
j{a>) = S2
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1.4 Molecular Modelling
1.4.1 Types of Calculations
1.4.1.1 Semi-empirical Methods
Semi-empirical (SE) methods have been developed to provide accurate results 
for large molecules at a reasonable cost in computer time. So while they are not as fast 
as molecular mechanics methods or as rigorous as ab initio calculations they are 
versatile. There are four distinct methods within MOP A C23: MINDO/3, MNDO, AMI, 
PM3. All are semi-empirical and have the same basic structure with several common 
features. They are all self-consistent field methods (SCF) and as such take into account 
electrostatic repulsion and exchange stabilisation. They all use a restricted basis set of 
one s orbital and three p orbitals (px, py, and p2) per atom and ignore overlap integrals. 
-Honco the equation |H - ES) = fi-becom s^-pi—E| ~ 0 and-is solved, where -H-is-fite 
«ecular...detemimaxitrJSuis..thje. overlap integral--^ m4-J+4i+-ffic-sct-^ -cigc+iv'akiesr These 
approximations considerably simplify molecular orbital calculations and as a result 
larger systems can be studied. It is important to remember that computational methods 
are only models and as such there is no justification in rigorously solving Schrodinger's 
equation and significantly reduce the size of the system in order to reduce 
computational time. Semi-empirical calculations are balanced between accuracy of 
computed information and speed of calculations by using approximations. All four SE 
methods are parameterised. MINDO/3 has atomic and diatomic parameters, while the 
others have single-atom parameters only. Lastly they all use two experimentally 
determined constants per atom: the atomic mass of the most abundant isotope and the 
heat of atomisation.
MOP AC implements any one of the SE Hamiltonians mentioned above, and 
combines it with the calculations of vibrational spectra, thermodynamic quantities, 
isotopic substitution effects and force constants in an integrated program. There is a
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limited number of parameterised atoms, however for organic molecules this is not a 
problem as most atoms needed are included (C,H,0,N,S). The program calculates, for 
example, molecular and localised orbitals, excited states, chemical bond indices and 
charges. Reaction co-ordinates can be calculated, and with molecular transition-state 
and two transition-state optimisation chemical reactions can be studied.
Molecular geometries can be specified using one of two possible methods. The 
most common method is using a z-matrix (as used in ab initio methods). Internal co­
ordinates describing how each atom is linked to previously specified atoms using bond 
lengths, angles and torsional angles are listed in a matrix. For convenience dummy 
atoms are often included, which are later ignored by the quantum mechanical 
calculation. The second, and less popular, method uses Cartesian co-ordinates for each 
atom.
Different algorithms can be used. Originally the Davidson-Fletcher-Powell
(DFP) algorithm was used, but it was found that errors arose with certain systems. As a
result the Broyden-Fletcher-Goldfarb-Shanno (BFGS) method was developed, and
found to be faster and less likely to produce errors. Both methods use derivatives of the
energy with respect to geometrical co-ordinates. The geometry is changed to produce a 
reduction in the heat of formation (AHf) until no further change in confonnation
produces a lowering of A T h i s  geometiy then corresponds to a stationary point on
the potential energy surface. With the exception of small systems, this may not be the 
global minimum, but a stable conformer or structural isomer. For the molecule to be 
considered optimised by MOP AC two principal operations, the SCF and geometiy 
criteria, need to be fulfilled. A failure to pass one of them will stop the calculation 
before optimisation. Limits for both criteria can be set from within the program to 
affect the precision of the calculation.
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Molecular mechanics calculations are based on a simple classical-mechanical 
model of molecular structure, and concentrate on the static information of the system 
investigated. While there is little significance in the parameters and energies in 
molecular mechanics methods, chemical accuracy has been achieved for many organic 
molecules. Molecular mechanics treats the molecule as an array of atoms governed by a 
set of classical mechanical potential functions. This principle is best illustrated by the 
bond stretching function for a molecule. The potential for a bond at any given 
interatomic distance r is described by the Morse curve (Figure 1-13).
1.4.1.2 Molecular Mechanics
Figure 1-13 Morse curve
The Morse curve is however complicated and its calculation is time consuming. This is 
not a serious problem as most bonds appear with in the range of r (the shaded area of
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the plot), where simpler functions can be used. Hooke's law gives a good fit in that 
region:
where V is the potential energy, and k is a constant. The function is simple and quick to 
calculate, and hence is used in many force fields. However there are problems for 
molecules with long bonds (i.e. due to steric effects).
The next function to consider is the angle bending potential, and in principle it is 
the same as the bond-stretching function i.e. a deviation from the equilibrium angle will 
result in an increase in energy. In addition to these basic functions modem force fields 
have a lot of different potentials to fit calculated data with experiment. Important 
functions of modem force fields are the torsion angle function, and Van der Waals 
function (which is included to calculate steric interactions).
From this mechanical model, molecular mechanics programs are used to 
detennine the optimum structure and energy of a molecule. Input consists of a set of 
Cartesian co-ordinates for each atom. Molecular mechanics programs first detennine 
bond lengths, bond angles and torsional angles for the starting geometry.
Modem MM calculations use the Newton-Raphson method which analytically 
evaluates second derivatives of the molecular energy with respect to geometrical 
parameters. The second derivatives, or force constants, indicate the curvature of the 
potential-energy curve, and can therefore be used to estimate the position of the 
minimum.
1.32
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Figure 1.14 Potential energy curve
When the structure is optimised then both the energy and structure remain 
constant from iteration to iteration and the first derivatives are close to zero. Molecular 
mechanics calculations are fast and accurate for molecules within the domain of the 
force field parameterisation. It is important to choose the correct force field. In the 
force field are lists of parameters for groups of atoms, such as bond lengths, bond 
angles, torsional angles, bond energies etc. The molecular mechanics program uses 
these values to construct the molecule, and these geometrical parameters are then 
optimised. The atoms parameterised depend on the force field. Common atoms such as 
C,H,0, and N are well parameterised. This is because there is a lot of experimental data 
available for these atoms and for molecules containing them. Results for molecules 
containing less well parameterised atoms or bonds will not be as accurate. Here it can 
be seen one of the inherent advantages of semi-empirical methods over molecular 
mechanics. As there is more computation, results are less dependent on the quality of 
parameterisation. While it is important to remember that there is some parameterisation
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in SE methods they are more capable of calculating geometries and properties for a 
greater range of molecules. Different force fields are used for different types of 
molecules. For example the CVFF force field is used for a range of molecules such as 
amino acids, water and other organic compounds. AMBER was developed for proteins, 
polysaccharides and DNA.
1.4.1.3 Molecular Dynamics
Molecular dynamics provides an insight into the dynamic motions of molecules 
by solving the equations of motion for each set of atoms in a molecule. Such 
calculations can be used to investigate time-dependent properties of molecules, unlike 
the Monte Carlo method, which randomly moves the atoms to form alternative 
configurations. Importantly, molecular dynamics is not restricted to harmonic motion 
above a single minima, but allows the molecule to move across energy minima and 
occupy other stable conformations, which happens in reality. The timescale of motions 
that can be practically simulated is of the order of between 10‘12 to 10‘9 seconds.
The theoiy is quite straight forward and uses Newton's equation of motion:
where Fj is the force, m5 is the mass, and ^ is the acceleration for atom i. The force is 
directly calculated from the derivative of the potential energy V, with respect to the 
co-ordinates of each atom:
F, = ma, 1.33
SF
S'
1.34
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From an expression of the potential energy and masses the equation should, in theoiy, 
be solved for future positions in time. However to solve the equation for a multi-bodied 
system numerical methods are required24.
1.4.2 Introduction
In this project two main types of modelling work have been used. The fust was 
some simple calculations to help in the selection of traction fluids to work on. To do 
this conformational plots were produced. From findings earlier25*26 (section 1.5) a few 
features were looked for in the selection of possible traction fluids to investigate (section 
1.1.7). A rigid structure was important and this could easily be identified using 
conformational plots.
A look at the use of molecular modelling in other areas of chemistry has 
shown that there is considerable interest in the conformational flexibility and dynamics 
of carbohydrates in solution. Molecular mechanics and dynamics calculations have 
become widely used in the conformational and dynamic analysis of biomolecules27. 
Such techniques used in that field of research can easily be applied to this project, and 
range from simple conformational maps, to the more sophisticated comparison of 
NMR-detected dynamics and molecular dynamics simulations. It was these molecular 
dynamics calculations that were used later in the project.
The molecules investigated in this project have the great advantage of being 
small, hence calculations are far more straight forward as they do not suffer from the 
"multiple minimum problem" where it is not possible to find the true global minimum. 
They also do not have another molecular modelling problem; namely hydrogen 
bonding.
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1.4.2.1 Conformational Maps
There are two types of maps: rigid and relaxed. Rigid maps are created when 
two torsion angles are changed internally, and the energy of the structure is calculated. 
A relaxed map is created when, after each torsion rotation, the structure is allowed to 
relax while keeping the rotating torsions fixed. An advantage with relaxed maps is that 
the starting geometiy is not as important as with rigid maps. Rigid maps have an 
obvious computational time advantage over relaxed maps. Rigid maps, while somewhat 
crude, show one of the points of interest: all major minima, and relative flexibility28 of 
molecules. It was these rigid maps that were used in the initial molecular modelling in 
the project.
1.4.2.2 NMR-Detected Dynamics and Molecular Dynamics Simulations
From the trajectories of molecular dynamics calculations, it is possible to 
calculate the correlation functions for different vectors (where a C-H bond is a vector), 
and therefore order parameters and correlation times. These data can be compared with 
experimental values. One important point here is that the correlation function must 
reach a stationaiy point. A direct comparison between experiment and theoretical 
calculation will indicate the accuracy of the calculations. Results calculated from 
dynamics data have shown veiy good agreement with NMR data29*30. Experimental 
details of this work are given in section 2.3.3, and results are given in chapter 4.
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As detailed in section 1.1, most of the work done, to date, on traction fluids has 
only been from the engineering perspective. While the techniques used here are able to 
give a guide to the engineering performance of a high-traction fluid they are not able to 
predict the properties of new fluids. With the use of NMR and ESR measurements and 
molecular modelling a means for both rationalising and predicting the behaviour of 
traction fluids has been developed in this work. This will greatly help in the 
development of new and better synthetic high-traction fluids.
It has been proposed that the rigidity of the fluid molecule is important for 
traction26*4. This has primarily been suggested from qualitative results. It was only 
recently25 that a means for quantifying the rigidity of the molecule and then relating this 
to fraction coefficients has been investigated. This was done using a mixture of NMR 
and molecular modelling. NMR can measure the motional dynamics of a molecule, and 
its rigidity can be quantified by the order parameter, S2. It was shown that this 
parameter could be related to the traction coefficient. It was found that fraction fluids 
with high S2 values have high traction coefficients. The converse is also true. In our 
research group, S.J. Matthews demonstrated the applicability of the reduced Lorentzian 
and "model-free" methods for measuring molecular dynamic parameters for semi-rigid 
cyclohexyl hydrocarbons. He also did some conformational plots which also provided 
important information on the relative flexibilities of the fluids investigated.
1 .5  P r e v io u s  W o r k
1.5.1 Introduction
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2.1 Synthesis
2.1.1 Synthetic Methods
Dicyclohexyl succinate and malonate esters, and tricyclohexyl 1,2,3- 
propanetricarboxylate were synthesised using the same basic procedure (method I). A 
different method was devised for the synthesis of dicyclohexyl 3,4-furandicarboxylate 
(method IT)
2.1.1.1 Method I
In a 500 cc round bottomed flask one of the acids (0.07 moles) was added with 
a cyclohexanol (0.22 moles). Toluene was used as solvent (100 cc) and the catalyst 
was H2S04. The reaction mixture was then heated to 160 - 170 °C, for 24 - 48 his. 
The toluene acted as an azeotroping agent and the excess water was removed with a 
Dean-Stark water trap, which was attached to the round bottomed llask. However, as 
water evaporated so did the toluene. The water trap was filled with toluene, which 
would overflow as water was collected, thus replacing any lost solvent. A side reaction 
was the formation of cyclohexene through the dehydration of cyclohexanol, so extra 
cyclohexanol was added during the reaction. The reaction was stopped when no further 
water was produced. The organic mixture was washed with aqueous 10% Na2COs, 
until all the acid had been removed, and washed with water. The organic layer was 
separated and dried over anhydrous Na2S04. The reaction mixture was filtered and any 
remaining solvent removed under rotary evaporation. The product was then distilled at 
1-5 mm Hg pressure. There were some problems as cyclohexanol was generally present 
in the reaction mixture which would distil over and then clog the condenser. Also the 
esters are able to absorb oxygen from the atmosphere, and so when the pressure was 
reduced they would bubble intensely.
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2.1.1.2 Method H
The synthesis for dcfdc was different from the other cyclohexyl esters. A three- 
necked round-bottomed flask was fitted with a fractionating column, thermometer and a 
condenser, which lead to a capture flask. Into the flask a 1:1 ratio of diethyl 3,4- 
furandicarboxylate and Ti(0-isopropyl)4 were added, with an excess of cyclohexanol. 
This was heated until it started to reflux. The temperature reached 80°C as ethanol was 
given off. When all the ethanol had evaporated the temperature was increased to 
remove as much of the cyclohexanol as possible. The flask then contained the ester 
product, cyclohexanol and Ti alkoxides. The Ti alkoxides were then removed by 
pouring the reaction mixture into water and dilute HC1 was added. The 
ester/cyclohexanol fraction was removed using ether. This ether layer was then dried 
using anhydrous Na2SQ4, the ether removed and the ester purified using vacuum 
distillation.
Figure 2.1 Reaction scheme for the synthesis of dcfdc
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2.1.2.1 Dicyclohexyl succinate (dcs)
Cyclohexanol and succinic acid were heated up to 160 - 170 °C for 24 his using 
an oil bath. During distillation under reduced pressure two fractions were produced. 
The first was expected to be cyclohexanol (40 °C / 0.1 - 0.2 mm Hg), the second was 
the product (120-122 °C / 0.1 - 0.2 mm Hg). Percentage yield was 73%. Elemental 
analysis NMR (XH and 13C), infra-red, and mass spectroscopies were used for 
characterisation and structure elucidation. .
Elemental analysis
Found: C = 67.78%, H = 9.49%; Calculated: C = 68.04%, H = 9.3%
Infra-red spectroscopy
The spectrometer used for all the infra-red spectra was a Perkin Elmer 841. No 
O-H peak was observed. Main peaks observed: C-H stretching at 2937/2860 cm-1, 
C=0 stretching at 1734 cm -1} C-H deformation in CH2-CO group at 1413 cm-1, and 
C-O stretching at 1166 cm-1.
Mass spectroscopy (FAB)
All the mass spectra obtained for this work were provided by the School of 
Pharmacy, London. Mass for dcs is 282. There is a peak at 283 of the parent ion. 
Above this there are two other peaks at 305 (dcs + Na ion), and 587 (two molecules + 
Na ion). The rest of the peaks can be rationalised through a series of chemical 
ionisations (Fig. 2.2).
2.1.2 Cvclohexy] Esters
NMR spectroscopy
This proton spectrum was obtained at 300 MHz. The spectrometer used for all 
the 1H and 13C NMR in this chapter were obtained using a Bruker AC300. The 
solvent used was CDC13 and the reference was TMS.
Mass 101
Fig 2.2 Formation of major fragments for dcs
i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— [— i— i— i— i— [— i— i— i— i—
5 4 3 2 1 ppm
Figure 2.3 NMR spectrum of dcs
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Figure 2.4 Dicyclohexyl succinate
Peak table
Chemical Shift /pom Peak Assignment Multiplicity
4.76 proton on carbon 5 multiple!
2.57 protons on carbons 2 and 3 singlet
1.88-1.2 cyclohexyl protons on 
carbons 6,7,8,9 and 10
multiple!
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Figure 2.5 Expansion of proton cyclohexyl ring peaks of dcs.
Equatorial and axial protons in the cyclohexyl lings can be distinguished. This 
indicates that the cyclohexyl rings do not flip between chair conformations at room 
temperature. As expected the equatorial protons are at lower field than the axial 
protons. Protons nearest the oxygen are more deshielded and so appear further down 
field. Multiplets for the axial protons are not as well separated as those for the 
equatorial protons, but they can be distinguished using a 1H/13C COSY spectrum. This 
has been done for dcfdc (Fig. 2.45). The peak for the protons on the acid backbone is a 
singlet indicating a rigid structure with all protons equivalent (Fig. 2.6)
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R
R
Where R = C O O C ^
Figure 2.6 Conformation about central bond in dcs
This piece of structural information was later used in the molecular modelling work 
(section 2.3.1).
13C NMR spectroscopy
The spectrum was obtained from a neat liquid with an external reference solvent 
(DzO) at 75 MHz. A DEPT 135 carbon spectium was also obtained to help with peak 
assignment.
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Figure 2.7 13C NMR spectrum of dcs
Peak table
Chemical Shift /nran Carbon Peak Assignment
72.76 5
31.46 6/10
29.54 2 /3
25.27 8
23.59 7 /9
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Cyclohexanol and 2,2-dimethylsuccinic acid were heated np to 160 °C for 48 
In s using an oil bath. During the vacuum distillation there were two major fractions, the 
first was cyclohexanol and the second fraction was expected to be dicyclohexyl 2,2- 
dimethylsuccinate (160 °C / 1-3 mm Hg). The second fraction was characterised using 
elemental analysis, infra-red, XH and 13C NMR and mass spectroscopies. The 
percentage yield was 75%.
Elemental analysis
Found: C = 69.60%, H = 10.00%; Calculated: C = 69.63%, H = 9.76%).
Infra-red spectroscopy
No O-H peaks were observed (O-H peaks for: 2,2-dimethylsuccinic acid: 3000 
cm-1, cyclohexanol: 3330 cm-1). Peaks from the product spectrum were consistent with 
the expected spectrum for (C=G stretching: 1733 cm'1; C-O stretching: 1694 cm1; 
C-H stretching: 2937 cm'1, 2860 cm-1, C-H deformation: 1182 cm4).
Mass spectroscopy (FAB)
Mass for dc22dms is 310. The parent ion has a mass of 311 (dc22dms + 
proton). There are two further ions with masses above this. One at 333 (dc22dms + Na 
ion), and one at 643 ( two molecules + Na ion)The rest of the peaks can be rationalised 
through a series of chemical ionisations (Fig. 2.8).
2.1.2.2 Dicyclohexyl 2.2-dimethvlsuccinate fdc22dms)
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Fig 2.8 Formation of major fragments for dc22dms
XH NMR spectroscopy
i2o
 >  Mass 210
O
Mass 101
This proton spectrum was obtained at 300 MHz. The solvent used was CDC13 
and the reference was TMS.
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Figure 2.9 NMR spectrum of dc22dms
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Figure 2.10 Dicyclohexyl 2,2,-diinethylsuccinate
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Peak table
Chemical Shift /oom Peak Assignment multiplicity
4.76 Proton on carbon 5 multiplet
2.56 Protons on carbon 2 singlet
1.87-1.75 Equatorial protons on carbons 6/10 multiplet
1.74-1.63 Equatorial protons on carbons 7/9 multiplet
1.56-1.45 Equatorial proton on carbon 8 multiplet
1.44 - 1.26 Axial protons on carbons 6-10 multiplet
1.24 Methyl protons singlet
The peak for the protons on carbon 3 is a singlet. This shows that they must be 
equivalent. The conformation about the central bond is shown in Fig. 2.11.
R
R
W here R = C O O q H ,2
Figure 2.11 Conformation about central bond in dc22dms
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13C NMR spectroscopy
The spectrum was obtained from a neat liquid with an external reference solvent 
(D20) at 75 MHz. A DEPT 135 carbon spectrum was also obtained to help with peak 
assignment
30* ’ ’ ’ 150* ' ' ' loo' ' ' * 30~ ' ' ' o' ’ ’ ppm"
Figure 2.12 13C NMR spectrum of dc22dms 
Peak table
Chemical Shift /prnn Carbon Peak Assignment
72.475 5
72.031 5'
44.464 3
31.452 6/10
31.133 6’ / 10’
25.321 8
25.211 2a/2b
23.581 7 /9
23.292 7' /9’
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Cyclohexanol and 2,3-dimethylsuccinic acid were heated up to 170 °C for 48 
hrs using an oil bath. Duiing distillation under reduced pressure two fractions were 
produced. The first was cyclohexanol, the second was the product (180-182 °C / 0.1- 
0.2 mm Hg). Percentage yield was 87%. NMR (2H and 13C), elemental analysis, infra­
red spectroscopy were used in structur e elucidation.
Elemental analysis
Found: C = 69.35%, H = 10.21%; Calculated: C = 69.68%, H = 9.67%
Infra-red spectroscopy
No O-H peak was observed. Main peaks observed: C-H stretching at 2938/2860 
cm*1, C=0 stretching at 1732 cm_1, C-H deformation in CH2-CO group at 1452 cm-1, 
and C-O stretching at 1137 cm*1.
XH NMR spectroscopy
2.1.2.3 Dicyclohexyl 2.3-dimethvlsuccinate (dc23dms)
This proton spectrum was obtained at 300 MHz. The solvent used was CDC13
and the reference was TMS.
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Figure 2.13 XH NMR spectrum of dc23dms
There are two chiral centres in dc23dms. These are at carbon atoms 2 and 3. 
Different stereoisomers are seen in both the proton and carbon spectra. The proton 
spectrum has two multiplets for the protons attached to carbons 2 and 3. There is a 
major isomer and a minor isomer. Splittings for the methine and methyl protons in the 
acid backbone are complicated by the chirality of the molecule. Peaks for the 
cyclohexyl protons are the same as for dcs.
Figure 2.14 Dicyclohexyl 2,3-dimethyIsuccinate
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Peak table
Chemical Shift /ppm Peak Assignment multiplicity
4.76 Proton on carbon 5 multiplet
2.83-2.73 Protons on carbons 2 and 3 
(major stereoisomer)
multiplet
2.72 - 2.64 Protons on carbons 2 and 3 
(minor stereoisomer)
multiplet
1.88 - 1.76 Equatorial protons on carbons 6/10 multiplet
1.76 - 1.63 Equatorial protons on carbons 7/9 multiplet
1.56- 1.46 Equatorial proton on carbon 8 multiplet
1.46-1.20 Axial protons on carbons 6-10 multiplet
1.17-1.10 Methyl protons multiplet
13C NMR spectroscopy
The spectrum was obtained from a neat liquid with an external reference solvent 
(D20) at 75 MHz. A DEPT 135 carbon spectrum was also obtained to help with peak 
assignment.
Figure 2.15 13C NMR spectrum of dc23dms
200 150 100 50 0 ppm
Peak table
Chemical Shift /oran Carbon Peak Assignment
72.481 5
72.381 5’
42.80 2 /3
41.691 2 /3  (major stereoisomer)
31.381 6
31.353 10
25.308 8
23.528 7 /9
15.24 2a/ 3a
13.45 2a / 3a (major stereoisomer)
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Cyclohexanol and malonic acid were heated up to 170 °C for 48 hrs using an oil 
bath. During distillation under reduced pressure two fractions were produced. The fust 
was cyclohexanol, the second was the product (114°C / 0.1 mm Hg). Percentage 
yield was 58%. NMR (XH and 13C), elemental analysis and infra-red spectroscopy were 
used in structure elucidation.
Elemental analysis
Found: C = 66.98%, H = 9.15%; Calculated: C = 67.12%, H = 9.03%
Infra-red spectroscopy
There is a peak at 3450 cm1. This is not an O-H peak, but an overtone from the 
strong carbonyl peak at 1731 cm*1. Other peaks observed: C-H stretching at 2939/2861 
cm*1, C-H deformation in CH2-CO group at 1453 cm*1.
NMR spectroscopy
2.1.2.4 Dicyclohexyl malonate (dcm)
This proton spectrum was obtained at 300 MHz. The solvent used was CDC13
and the reference was TMS.
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Figure 2.16 1II NMR spectrum of dcm
Figure 2.17 Dicyclohexyl malonate
Peak table
Chemical Shift /rmm Peak Assignment multiolicitv
4.82 Proton on carbon 5 multiplet
3.31 Protons on carbon 2 singlet
1.91 - 1.80 Equatorial protons on carbons 6/10 multiplet
1.79 - 1.66 Equatorial protons on carbons 7/9 multiplet
1.58-1.48 Equatorial proton on carbon 8 multiplet
1.47 - 1.24 Axial protons on carbons 6-10 multiplet
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NMR spectroscopy
The spectrum was obtained from a neat liquid with an external reference solvent 
(D20) at 75 MHz. A DEPT 135 carbon spectrum was also obtained to help with peak 
assignment.
200 130
Figure 2.18 13C NMR spectrum of dcm 
Peak table
10 50 0 ppm
Chemical Shift /nnm Carbon Peak Assignment
73.41 5
42.02 2
31.05 6/10
24.07 8
23.29 7 /9
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Cyclohexanol and methylmalonic acid were heated up to 170 °C for 48 hrs 
using an oil bath. During distillation under reduced pressure two fractions were 
produced. The first was cyclohexanol, the second was the product (121°C / 0.1 - 0.2 
mm Hg). Percentage yield was 44%. NMR (TT and 13C), elemental analysis and infra­
red spectroscopy were used in the structure elucidation.
Elemental analysis
Found: C = 67.55%, H = 9.36%; Calculated: C = 68.04%, H = 9.30%
Infra-red spectroscopy
There is a peak at 3455 cm*1. As with dcm this peak is not an O-H peak, but an 
overtone from the strong carbonyl peaks which are at 1750/1731 cm A Other peaks 
observed: C-H stretching at 2942/2866 cm-1, C-H deformation in CH2-CO group at 
1460 cm*1.
XH NMR spectroscopy
2.1.2.5 Dicyclohexyl methylmalonate (dcmm)
This proton spectrum was obtained at 300 MHz. The solvent used was CDC13
and the reference was TMS.
Figure 2.19 *H NMR spectrum of dcmm
Figure 2.20 Dicyclohexyl methylmalonate
Peak table
Chemical Shift /onm Peak Assignment multiplicity
4.76 Proton on carbon 5 multiplet
3.36 Proton on carbon 2 quartet
1.89-1.75 Equatorial protons on carbons 6/10 multiplet
1.75-1.61 Equatorial protons on carbons 7/9 multiplet
1.56-1.45 Equatorial proton on carbon 8 multiplet
1.44-1.21 Axial protons on carbons 6-10 multiplet
1.38 Methyl protons doublet
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13C NIMR spectroscopy
The spectrum was obtained from a neat liquid with an external reference solvent 
(D20) at 75 MHz. A DEPT 135 carbon spectrum was also obtained to help with peak 
assignment.
200 130 100 30 0 ppm
Figure 2.21 13 C NMR spectrum of dcmrn 
Peak table
Chemical Shift /ppm Carbon Peak Assignment
73.36 5
46.55 2
31.27/31.19 6/10
25.22 8
23.46 7 /9
13.43 2a
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Cyclohexanol and dimethylmalonic acid were heated up to 170 °C for 48 hrs 
using an oil bath. During distillation under reduced pressure two fractions were 
produced. The first was cyclohexanol, the second was the product (110°C / 0.1 - 0.2 
mm Hg). Percentage yield was 30%. NMR (TT and 13C), GLC and infra-red 
spectroscopy were used in structure elucidation.
Infra-red spectroscopy
There is a peak at 3453 cm-1. As before this is not an O-H peak, but an 
overtone from the strong carbonyl peak at 1730 cm _1. Other peaks observed: C-H 
stretching at 2938/2861 cnr1, C-H deformation in CH2-CO group at 1453 cm*1, and C- 
O stretching at 1174 cm-1.
Gas liquid chromatography
Ether was used as the carrier solvent. GLC showed a pure product.
TI NMR spectroscopy
2.1.2.6 Dicyclohexyl dimethvlmalonate fdcdmm)
This proton spectrum was obtained at 300 MHz. The solvent used was CDC13
and the reference was TMS.
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Figure 2.22 NMR spectrum of dcdmrn
Peak table
Chemical Shift /nmn Peak Assignment Multiplicity
4.79 Proton on carbon 5 Multiplet
1.20-1.85 Methylene protons in 
cyclohexyl lings
Group of multiplets
1.41 Methyl protons Singlet
13C NMR spectroscopy
This carbon spectrum was obtained from a neat liquid with an external 
reference solvent (acetonitrile-d3) at 75 MHz. A DEPT 135 carbon spectrum was also 
obtained to help with peak assignment.
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200 150 100 50 0
Figure 2.23 13C NMR spectrum of dcdinm
Peak table
Chemical Shift /ppm Carbon Peak Assignment
73.01 5
31.14 6/10
25.28 8
23.38 7 /9
22.66 2a / 2b
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4^-methyl
Cyclohexanol and .succinic acid were heated up to 160 - 170 °C for 24
his using an oil bath. During distillation under reduced pressure two fractions were 
produced. The first was cyclohexanol, the second was the product (162-164 °C / 0.1 - 
0.15 mg Hg). Percentage yield was 27%. NMR (TI and 13C), infra-red, GLC, 
elemental analysis and mass spectroscopies were used in structure elucidation. The ID 
spectra are a lot more complicated than anticipated. This is due to the presence of 
different stereoisomers. In addition to the routine NMR spectra obtained both 1H/1H 
and 1H/13C 2D spectra were needed in structure elucidation. Some low temperature TI 
NMR studies were also conducted. The two possible conformations for the cyclohexyl 
ling care cis or trans.
2.1.2.7 Di-4-methylcvclohexvl succinate (d4mcs)
OR
Figure 2.24a cis conformations (ax I eq)
Figure 2.24b trans conformation (eq / eq)
Elemental analysis
Found: C = 69.44%, H = 9.90%; Calculated: C = 69.63%, H = 9.76%
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No O-H peak was observed. Main peaks observed: C-H stretching at 2925/2856 
cm*1, C=0 stretching at 1748 cm-1, C-H deformation in CH2-CO group at 1457 cm-1, 
and C-O stretching at 1167 cm-1.
Gas liquid chromatography
Ether was used as the solvent carrier. There were three main peaks with areas: 
8.14% : 39.80% : 52.06%. These are not different compounds, but different 
stereoisomers of d4mcs. The fractions are close together, so they should all have a 
similar mass. The assumption that they are different configurations of the same 
molecule is corroborated by the mass spectrum, which shows only one peak around the 
mass of the molecule (the parent ion).
The ratios of the thr ee fractions can easily be rationalised. The fluid was made 
from a mixture of cis and trans 4-methylcyclohexanol. The ratio of cis to trans is 29:71. 
So the ratio of products should be x2:2xy:y2, where cis = y and trans = x. From this the 
ratios are:
© cis/cis -  0.08 
0  cis/trans = 0.42 
0  trans/trans = 0.50
These figures match those found by GLC.
Mass spectroscopy (FAB)
Mass for d4mcs is 310. There is a peak at 311 which corresponds to the d4mcs 
molecule with an extra proton. There is a peak at 215 which is formed by the loss of 
one of the cyclohexyl rings from the parent ion (as in Fig. 2.8). The peak at 197 is the
Infra-red spectroscopy
78
ion formed by the loss of a cyclohexyl lings plus an oxygen from the parent ion (as in 
Fig. 2.8). The peak at 119 corresponds to the succinic acid ion, formed by the loss of 
two cyclohexyl units. The loss of water and subsequent cyclisation leads to the ion with 
a mass of 101.
Ti NMR spectroscopy
This proton spectrum was obtained at 300 MHz. The solvent used was CDC13 
and the reference was TMS.
M j A j k
5 4 2 ppm
Figure 2.25 1H NMR spectrum of d4mcs
c
3 \
C  —  o
Figure 2.26 Di-4-methylcycIohexyl succinate
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Peak table
Chemical Shift /nnm Peak Assignment Multiplicity
4.99 carbon 5 (cis) broad singlet
4.66 carbon 5 (trans) multiplet
2.5 - 2.6 carbons 2 and 3 multiplet
1.92-1.95 carbons 6/10 eq. trans multiplet
1.81-1.84 carbons 6/10 ax. + eq. cis multiplet
1.70-1.74 carbons 7/9 eq. trans multiplet
1.51-1.61 carbons 7/9 ax. + eq. cis multiplet
1.47-1.48 carbons 6/10 ax. trans multiplet
1.28 - 1.39 carbons 8 ax. trans multiplet
1.22 - 1.27 carbons 8 ax. + eq. cis multiplet
0.93 - 1.08 carbons 7/9 ax. trans multiplet
0.88-0.90 carbons 8a cis + trans multiplet
The peaks for the cyclohexyl protons were assigned using some 2-dimensional 
spectra. An expansion of the cyclohexyl proton peaks is given below with the protons 
assigned (Fig. 2.27). Both WTT and XH/13C spectra were obtained (Figs. 2.29 and 
2.30 ).
From integrals of the cis and trans peaks for carbon 5 a ratio of cis to trans was 
calculated. It agreed with the GLC and calculated values, with only a slight favouring of 
the lower energy trans conformation. The NMR spectrum shows the peak for the 
proton on carbon 5 for the cis isomer is broad; while the trans peak is a resolved 
multiplet. Why is the cis peak broad? One possibility is rapid cyclohexyl ling flipping, 
which would effectively average the proton's position between equatorial and axial 
orientations. The other possibility is that the cis orientation of the ester linkage has
80
several small couplings that cannot be resolved, thus forming a broad peak. To see if 
the first hypothesis is true some low temperature spectra were obtained.
Figure 2.27 Expansion of cyclohexyl proton peaks of d4incs 
Low temperature 1H NMR spectroscopy
With the presence of two groups on the cyclohexyl ring it was not known if the 
ting flipped for any of the stereoisomers. If there was flipping, then the peaks for 
equatorial or axial protons would separate as the temperature was lowered. 
Cyclohexane1 slows flipping at -90 °C, and two distinct peaks can be seen for the 
equatorial and axial protons.
The solvent used was CFC13, which has a convenient liquid range (-111°C to 24 
°C). The standard reference used was TMS. A series of proton spectra were collected 
down to -100 °C. There was no separation of the peaks, however, and the CHO peak
81
was still broad. This shows that there was no ring flipping. So there must be small 
unresolved couplings between the proton on carbon 5 and the other cyclohexyl protons.
13C NMR spectroscopy
The spectrum was obtained from a neat liquid with an external reference solvent 
(D20) at 75 MHz. A DEPT 135 carbon spectrum was also obtained to help with peak 
assignment.
200 150 100 50 0 ppm
Figure 2.28 13C NMR spectrum of d4mcs
Peak table
Peak assignments for the carbons were aided by 2-dimensional spectra, (Figs.
2.29 and 2.30)
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Chemical Shift /nom Carbon Peak Assignment
73.27 trans 5
69.66 cis 5
32.68 trans 7 /9
31.38 trans 8
31.27 trans 6/10
31.01 cis 8
29.31
29.26
29.22 2 and 3 + cis 6,7,9,10
29.19
29.15
21.70 cis 8a
21.53 trans 8a
Two-dimensional NMR spectra
Figures 2.29 and 2.30 show Td/1!!  and ^CAH spectra for d4mcs. The 13CAH is 
particularly useful as it shows that, quite by chance, the peaks for the acid backbone 
(carbons 2/3) and the cyclohexyl ring carbons 6-10,  for the cis conformer, are all 
together. The 1H/1H spectrum clearly shows the coupling between the cyclohexyl ring 
protons for both trans and cis conformers.
Figure 2.29 13C/1H spectrum of d4mcs
Figure 2.30 1H/1H spectrum of d4mcs
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The ^CAH spectmm shows the coupling between all the cis cyclohexyl carbons 
and protons. The coincidence of these carbon peaks and the acid backbone carbons is 
clearly seen. The positions of the peaks for the cyclohexyl protons, of both 
stereoisomers, obtained from the 13CV1H spectmm agree with those obtained from the 
1H/1H spectmm.
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2.1.2.8 Di-2-methvlcvclohexyl succinate (d2mcs) 
v 2-methyl
Cyclohexanol and succinic acid were heated up to 190 °C for 24 his.
The solvent was removed using a rotary evaporator. After a couple of days the crude 
product mixture had partiaUy solidified. The solid was filtered off and reciystalhsed 
using hexane. Its melting point was 66 - 68 °C. Proton NMR at 60 MHz showed the 
liquid fraction had an -OH group. The solid fraction had no -OH group, and the peaks 
seemed consistent with what to expect for di-2-methylcyclohexyl succinate. Further 
characterisation was done on the solid fraction, and it was confirmed that it was indeed 
the ester. Elemental analysis NMR (TI and 13C), infra-red, and mass spectroscopies 
were used for characterisation and structure elucidation. A 2D 1H/13C spectrum was 
also obtained. It was possible to grow some good crystals from hexane, hence an x-ray 
crystal structure was obtained. Percentage yield for the compound was 13%. The yield 
was so low because methylcyclohexene was formed, this reduced the amount of 
cyclohexanol significantly.
Elemental analysis
Found: C = 69.58%, H = 9.95%; Calculated: C = 69.63%, H = 9.76%
Infra-red spectroscopy
A nujol mull was made with the sample. There is a carbonyl overtone peak at 
3429 cm1. Other peaks observed: C-H stretching at 2917/2856 cm-1, C=0 stretching at 
1737 cm1 C-H deformation in CH2-CO group at 1462 cm1, and C-O stretching at 
1172 cm'1.
8 6
Mass for d2mcs is 310. There is a peak at 311 which corresponds to the d2mcs 
molecule with an extra proton. The mass spectrum is similar to the d4mcs spectrum as 
the chemical ionisations are essential!}7 the same. There is a peak at 215 which is 
formed by the loss of one of the cyclohexyl lings from the parent ion (as in Fig. 2.1). 
The peak at 197 is the ion formed by the loss of a cyclohexyl rings plus an oxygen from 
the parent ion (as in Fig. 2.8). The peak at 119 corresponds to the succinic acid ion, 
formed by the loss of two cyclohexyl units. The loss of water and subsequent 
cyclisation leads to the ion corresponding to the peak at 101.
XH NMR spectroscopy
This proton spectrum was obtained at 300 MHz. The solvent used was CDC13 
and the reference was TMS.
Mass spectroscopy (FAB)
Figure 2.31 XH NMR spectrum of d2mcs
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Figure 2.32 Di-2-methylcyclohexyl succinate
Peak table
Chemical Shift /ppm Peak Assignment Multiplicity
4.40 - 4.47 proton on carbon 5 multiplet
2.62 protons on carbons 2/3 singlet
0.99-1.97 cyclohexyl protons multiplets
0.88 - 0.90 methyl protons on carbon 
6a
doublet
Proton peak assignment was added by a *H/13C spectrum (Fig. 2.34). An expansion of 
the proton spectrum below shows the proton assignments.
13C NMR spectroscopy
The spectrum was obtained at 75 MHz from a solution with CDC13, using TMS 
as the standard reference. A DEPT 135 carbon spectrum was also obtained to help with 
peak assignment.
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Figure 2.33 13C NMR spectrum of d2mcs
Peak table
Chemical Shift /oom Carbon Peak Assignment
171.94 1 and 4
78.63 carbon 5
37.16 carbon 6
29.49 carbons 2 and 3
33.42, 31.23, 25.24 and 24.63 carbons 7, 8, 9, 10
18.38 Carbon 2a
Two-dimensional spectrum
To help in carbon and proton peak assignments a 1H/13C NMR spectrum was 
obtained.
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Figure 2.34 XH/13C NMR spectrum of d2mcs
The methyl group on the ring changes the relative positions of the carbon and 
proton peaks compared to dcs. Without a W 1!! spectmm it is not possible to 
conclusively distinguish between carbons 7,8,9 and 10, and their attached protons.
X-ray ciystal structure
The following figures show a diagram of the ciystal structure, and a diagram of 
the unit cell. The molecule is linear. There are also two stereoisomers shown where the 
methyl group is either axial or equatorial to the cyclohexyl ling. Tables of data can be 
found in appendix 1.
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Figure 2.35a X-ray structure of d2nics
Figure 2.35b Unit cell for d2mcs
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Cyclohexanol and 1,2,3 -propanetricarboxyhc acid were heated at 200 °C for 24 
his. The synthesis of tcptc was similar to the other cyclohexyl esters, however the 
amount of alcohol used was in excess of 3:1 alcohol:acid.
The product mixture was then purified 
using vacuum distillation. The first fraction came off at 26°C, and was cyclohexanol. 
During the distillation the condenser and solvent trap could block up with cyclohexanol. 
When this happened the distillation had to be stopped and the condenser and trap 
cleaned and replaced. This had to be done several times before the product fraction 
come over. It was a treacle like liquid, and came off at 212-214 °C / 0.1-0.2 mm Hg. 
While this fraction was coming off the water in the condenser had to be turned off to 
prevent solidification in the condenser. The product liquid was golden yellow in colour. 
The percentage yield was 68%. NMR (TI and 13C), elemental analysis, mass 
spectroscopy and infra-red spectroscopy were used in structure elucidation. The 
product remained liquid for several months and then suddenly solidified. It had a 
melting point of 47-49 °C. It was possible to grow some crystals from xylene. They 
were needle like, and not as good a quality as d2mcs. However it was possible to obtain 
a X-ray ciystal structure.
Elemental analysis
Found: C = 68.02%, H = 9.27%; Calculated: C = 68.20%, H = 9.08%
Infra-red spectroscopy
An IR spectrum was obtained while tcptc was still liquid. Peaks observed: C-H 
stretching at 2939/2860 cm"1, C=0 stretching at 1732 cm1, and C-O stretching at 
1177 cm*1.
2.1.2.9 Tricvclohexvl TZ3-propanetricarboxvlate (tcptc)
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Mass for dc22dms is 422. The parent ion had a mass of 423 (tcptc + proton). 
The rest of the peaks can be rationalised through a series of chemical ionisations (Fig. 
2.36).
0 °
Mass spectroscopy (FAB)
Figure 2.36 Formation of major fragments for tcptc
TT NMR spectroscopy
This proton spectmm was obtained at 300 MHz. The solvent used was CDC13 
and the reference was TMS.
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Figure 2.37 XH NMR spectrum of tcptc
7  6
X 9 10
8 Ring a
Ringb
Figure 2.38 Tricyclohexyl 1,2,3-propanetricarboxylate
Peak table
Chemical Shift /oran Peak Assignment Multiplicity
4.76 Proton on carbon 5 Multiplet
3.23 Proton on carbon 2 Multiplet
2.53 - 2.77 Protons on carbons 
1 and 3
Multiplet
1.23 - 1.82 Methylene protons on the 
cyclohexyl rings
Group of Multiplets
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An expansion of the peaks for the protons on carbons 1, 2 and 3 is given in Fig. 
2.39a. The spin system for this region is a AA'BB'X, and can be simulated (Fig. 2.39b)
Simulation o f part o f the proton spectrum
Figure 2.39a Expansion of Protons on the acid backbone of tcptc
“ I I I I I Tppm
3.4 3.2 3 .0  2.8 2 .6  2.4
Figure 2.39b Spin simulation for AA’BB’X  system for tcptc
The spin simulation was generated from the PC version of Laocoon 3.1. This is 
an iterative spin simulation program. From a set of trial chemical shifts and coupling
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constants the program optimises these and generated a set of data which had a root 
mean square error of 0.0003. A table of data is presented below.
(A)
Hi r
c c
+  r  v/H \ H 
CB) H (B')
Figure 2.39c AA'BB’X  spin system in tcptc
1) 5a = 2.584 ppm
2) SA, = 2.584 ppm
3) 5b = 2.719 ppm
4) 5b, = 2.716 ppm
5) 5X = 3.233 ppm
Coupling constants in Hz:
A* B B’ X
A -2.533 -16.535 0.178 6.547
A ’ 0.178 -16.535 6.547
B -2.533 6.817
B' 6.817
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These data could, in principle, be applied to the Karplus relation to obtain the dihedral 
angle between the vicinal protons, this, in turn, could be compared with the values 
obtained from the X-ray ciystal structure.
13C NMR spectroscopy
The spectrum was obtained from a neat liquid with an external reference solvent 
(D20 )  at 75 MHz. A  DEPT 135 carbon spectrum was also obtained to help with peak 
assignment
Figure 2.40 13C NMR spectrum for tcptc
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Peak table
Chemical Shift /pum Carbon Peak Assignment
172.3 b
170.5 a and c
72.8 5 on ring b
72.7 5 on rings a and c
37.5 2
35.5 1 and 3
31.3 6/10 in lings a and c
31.1 6/10 in ling b
25.1 8 in lings a, b and c
23.4 7/9 in lings a and c
23.3 7/9 in ling b
X-ray ciystal structure
The following figures show a diagram of the ciystal structure, and a diagram of 
the unit cell. The X-ray structure shows tcptc to be planar. Tables of data are given in 
appendix 1.
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Figure 2.41a X-ray crystal structure of tcptc
Figure 2.41b U nit cell fo r tcptc
9 9
The synthesis of dicyclohexyl 3,4-furandicarboxylate was earned out as 
described in Method II (section 2.1.1.2). The percentage yield was 57%. The crude 
product mixture was then vacuum distilled. The first fraction (cyclohexanol) came off 
at 46 °C /  0.1-0.2 mm Hg, the second fraction came off at 164-166 °C /  0.1-0.2 mm 
Hg. The product was an amorphous solid when purified, with a melting point of 38-41 
°C. Several attempts were made to grow some ciystals, but it proved to be difficult as 
the solid’s melting point was low. After several attempts some ciystals were grown by 
making a concentrated solution of dcfdc in hexane and cooling in a refrigerator. The 
ciystals grown were of a good size and a ciystal structure was obtained. Elemental 
analysis, NMR. (TI and 13C), infra-red spectroscopies were used in the structural 
elucidation of the product. In addition to the routine NMR, W T I and TJ/^C 2D NMR 
spectra were obtained to help in the assignment o f cyclohexyl carbon and proton peaks.
Elemental analysis
Found: C = 67.33%, H = 7.68%; Calculated: C = 67.47%, H = 7.56%
Infra-red spectroscopy
A nujol mull was made with the sample. Peaks observed: C-H stretching at 
2925/2856 enr1, C =0 stretching at 1742/1720 cm1, aiyl C=C stretching at 1573/1540 
cm 1, C-H deformation in CH2-CO group at 1462 cm 1, and C-O stretching from the 
ester group at 1146 cm 1 and C-O-C stretching in the furan ring at 1060 cm 1.
2 .1 .2 .1 0  Dicyclohexyl 3 .4-furandicarboxvlate (dcfdc)
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This proton spectrum was obtained at 300 MHz. The solvent used was CDC13 
and the reference was TMS.
TJ NMR spectroscopy
Figure 2.42 NMR spectrum of dcfdc
Figure 2.43 Dicyclohexyl 3,4-furandicarboxylate
101
Peak table
Chemical Shift /pmn Peak Assignment Multiplicity
7.89 Protons on carbons 2a and 
3a
Singlet
4.96 Proton on carbon 5 Multiplet
1.91 - 1.96 Equatorial protons on 
carbons 6/10
Multiplet
1 .74 -1 .77 Equatorial protons on 
carbons 7/9
Multiplet
1 .57 -1 .58 Equatorial protons on 
carbon 8
Multiplet j
1 .46 -1 .54 Axial protons on carbons 
6/10
Multiplet
1.38 - 1.43 Axial protons on carbons 
7/9
Multiplet
1.23 - 1.32 Axial protons on carbon 8 Multiplet i
13C NMR spectroscopy
This carbon spectmm was obtained from a neat liquid with an external 
reference solvent (D20 ) at 75 MHz. A DEPT 135 carbon spectmm was also obtained 
to help with peak assignment.
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Figure 2.44 13C NMR spectrum of dcfdc
Peak table
Chemical Shift /ppm Carbon Peak Assignment
161.1 1 and 4
148.1 2a and 3a
119.0 2 and 3
73.3 5
31.5 6 and 10
25.3 8
23.7 7 and 9
Two-dimensional NMR
A two dimensional 1H /13C was obtained so that carbon and proton peaks could 
be assigned.
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Figure 2.45 Two-dimensional 1H /13C spectrum of dcfdc
X-ray crystal structure
The following figures show a diagram of the ciystal structure, and a diagram of 
the unit cell. Tables of data are presented in appendix 1.
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Figure 2.46a X-ray crystal structure of dcfdc
Figure 4.46b U nit cell for dcfdc
1B a s ic  O ne- a n d  Two- D im e n s io n a l NMR S p e c tro sco p y ,  H . F r i e b o l i n ,  V C H ,  B e r l i n ,  ( 1 9 9 1 ) .
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2 .2  N M R  E xperim ental
2.2.1 T t and NOE measurement
Both Tx and NOE data were collected at two frequencies and at different 
temperatures, A Bruker AC 300 MHz spectrometer was used at the Chemistry 
department, University of Surrey, and a Jeol alpha 500 MHz, was used at the 
headquarters of Jeol UK in Welwyn Garden City.
2.2.1.1 Bruker AC 300E
A 7.05 T magnet superconducting magnet was used proriding a proton resonant 
frequency of 300 MHz and a carbon frequency of 75.4 MHz. The carbon probe was a 
10 mm tunable broad-band probe. Decoupling was achieved using a sequence Waltz 16 
pulse sequence which has minimal sample heating, due to the lower power needed for 
decoupling. Sample heating is not a major problem with the samples used as they are 
not ionic. This is particularly important when measuring NOE’s. The 90° pulse was 
measured regularly and was between 7.5 - 8.5 jus. The pulse width did not vaiy much 
between samples, and did not change much as the temperature was increased. To 
obtain temperatures lower than room temperature nitrogen gas was passed through 
tubing in liquid nitrogen. This method was effective for temperatures down to -40°C, 
and was sufficient for the samples investigated. Temperature calibration was by way of 
a thermocouple submerged in the sample fluid, in a 10 mm NMR tube in the 
spectrometer. From this a temperature calibration curve was obtained (Fig. 2.47)
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Temperature Calibration curve
Figure 2.47 Temperature calibration graph
Neat fluids were used. Samples were degassed using a repeated freeze-thaw- 
pump method, then flame sealed in 8 mm NMR tubes. The 8 mm tubes were then put 
into 10 mm NMR tubes with an appropriate deuterated reference in the annulus, acting 
as an external lock. The solvent used was dependent on the temperature range of the 
experiments. DzO was used for d4mcs, dcfdc and tcptc where all measurements were 
above room temperature. Acetonitrile-d3 was used for all the other samples as its liquid 
range coincides with the temperature range of the NMR measurements. The 
spectrometer was shimmed on the JH FID of the sample.
2.2.1.2 Jeol a500
This system operates with a 11.74 T superconducting magnet, providing 
resonant frequencies for and 13C of 500 MHz and 125.7 MHz respectively. The 90° 
pulse was around 9.2 - 9.7 ps. The probe used was a 5 nun tunable multinuclear 
probe. Samples were degassed as before, but sealed in 5 mm NMR tubes. There was 
no solvent or reference, so the spectrometer was shimmed on the 3H FID of the sample.
108
The temperature was measured using a thermocouple inside the probe, and was 
accurate to better than ±  1°C. The decoupling used was a Waltz pulse sequence.
2,2.2 Experimental details
Only carbons with protons attached were investigated as the dominant relaxation 
mechanism was dipole-dipole. Direct measurement of their relaxation can be earned out 
using the NOE. Quaternary carbons were not measured. With no additional information 
available from quaternary carbons, their complicated mixture of possible relaxation 
mechanisms and much longer T /s makes their measurement undesirable.
2.2.2.1 Tx Measurement
Inversion recovery, as detailed in section 1.3.3.1, was used for the measurement
of Tj. For carbons with sufficiently long T /s FIRFT (Fast Inversion Recoveiy Fourier
Transform) could be used to speed up the experiment. Here, instead of waiting 5T1
spectrum
before each acquisition a wait of 3TX could be used. But before each a few
dummy scans must be used, to allow the system to reach equilibrium. The three 
par ameter fit used to calculate the Tx can take into account that the system is never fully 
relaxed between each pulse sequence. The number of scans used for each spectrum 
was 24 for the 300 MHz and 8 for the 500 MHz spectrometers.
2.2.2.2 NOE Measur ement
An inverse gated decoupling pulse sequence was used to remove the NOE from 
a carbon spectrum this was then compared with a normal spectrum to obtain the NOE.
^de co u p le r on
Gated
Decoupling: off
13c
1 0  X  T j
Complete
Decoupling:
t l  decoupler on 
off
13
10 x Ti
C
Figure 2.48 Inverse Gated Decoupling Pulse Sequence
The difference in peak intensities is illustrated below.
(a) Complete Decoupling
200 150 100 50 0
(a) Inverse Gated Decoupling
200 150 100 50 0 ppm
Figure 2.49 Spectra used in NOE measurement
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The peak intensities of the completely decoupled spectra are then divided by the 
peak intensities of the inverse gated decoupled spectrum. The NOE factor rj is then this 
value minus one (see eqs. 1.21 and 1.21a).
I l l
2 .3  M olecu lar M o d ellin g  E xperim ental
2.3.1 Lowest Energy Conformations
Lowest energy conformations were obtained using MOP AC, which is 
implemented by InsightlP, with NLLSQ and DFP energy minimisation algorithms. 
These are standard algorithms. The semi-empirical method used was AM I. Good 
results have been found with this method2. Where possible any structural information 
from NMR spectra were used. The proton spectra for dcs and dc22dms were 
particularly helpful (sections 2.1.2.1 and 2.1.2.2). Optimised structures are shown 
below.
Figure 2.48a Dicyclohexyl succinate
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Figure 2.48c Dicyclohexyl 2,2-dimethylsuccinate
Figure 2.48d Di-4-methylcyclohexyl succinate
Figure 2.48e Di-2-methylcyclohexyI succinate
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Figure 2.48f Dicyclohexyl malonate
Figure 2.48g Dicyclohexyl methylmalonate
Figure 2.48h Dicyclohexyl dimethylmalonate
Figure 2.48i Dicyclohexyl 3,4-furandicarboxylate
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Figure 2.48j Tricyclohexyl 1,2,3-propanetricarboxvlate
2.3.2 Conformational Plots
From some preliminary rigid conformational plots it was possible to judge the 
relative flexibilities of the molecules investigated. For all the succinates and malonates 
there were two energy wells. One energy well, for both the malonates and succinates, 
correspond to the lowest energy conformations shown in Figs. 2.48a-j. For the 
succinates the second energy well had a conformation about the acid backbone like that 
found for the crystal structure of d2mcs. The other energy well for the malonates 
corresponds to a linear conformation (Fig. 2.49)
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Energy well 1
Lowest energy confoimation for dc22dms 
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O
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R > - o -
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Lowest energy confoimation for dcm, dcmm and dcdnnn 
Where R  =  H, Me
Figure 2.49 Lowest energy conformations
The difference in energy between the two lowest energy structures for dcs, dc23dms, 
d2mcs and d4mcs is small, with the linear molecule having the lower energy. The 
lowest energy conformation for dc22dms is the one shown in Fig. 2.48c. The 
conformational plots show that, as expected, the methyl groups on the acid backbone 
increase the rigidity of the molecule. Methyl groups on the ring do not have any
effect on the rigidity of the molecule. The conformational plot for tcptc shows two 
energy wells. One corresponds to the optimised structure (Fig 2.48j) and the other 
corresponds to the X-ray ciystal structure (Fig. 2.41). From the conformational plot, 
the energy for the X-ray structure is the lowest. For defde there is a single energy well, 
which is fairly large. In this energy well are the two structures which correspond to the 
optimised structure (Fig 2.48i), and the X-ray ciystal structure (Fig. 2.46).
It is expected that the molecules will distribute themselves between the energy 
wells with a Boltzmann distribution. For a better detailed understanding of the flexibility 
of the molecules, molecular dynamics simulations have been used (section 2.3.3), and 
the results are presented in chapter 4.
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Dynamics calculations were performed using Discover 3.P on a Silicon 
Gr aphics Indigo workstation. The force field used was cvff, which is a standard force 
field implemented by Discover4 for unstrained simple organic molecules. Initial 
molecular conformations were minimised structures generated using MOPAC. All 
molecular dynamics calculations were earned out at a constant temperature of 300 K, 
with a time step of 1 fs. Structures were allowed to equilibrate for 10 ps and then 
structures were sampled over the dynamics run with a frequency of 10 stmctures/ps.
2.3.3.1 Auto Correlation Calculations
As mentioned in section 1.4.2.2 order parameters can be derived directly from 
the C-H vector trajectories in a molecule. The order parameter is the asymptotic value 
of the time correlation function given by equation 2 .1 5>6:
C (* )  = i  2.1
«=-2 ' '
where 72m[Q(f)] are the spherical harmonics of the order m . The function is integrated
over the angular variables, and is time averaged. The spherical harmonics were 
calculated at discrete time intervals t and (t + At) and integrated over the angular 
variables 9 and <j>. This provides a correlation value (C(At)) for each structure, these 
were then averaged over all the structur es to obtain a time average.
2.3.3 Molecular Dynamics Simulations
Fig. 2.52 shows the angles 9 and <{>.
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Z axis
Figure 2.52 Spatial angles for a bond vector
The second order spherical harmonics are listed below.
^ o = i ( i ) ( i -3 c o s 2e ) 2.2a
Acos* = i(^ )^ sin 0 c o s© c o s^ 2.2b
Asm* = sin DcosGsin q> 2.2c
A,cos2^=i(T)J' sin20COs2^ 2.2d
A,sm2<P= i(T )hsin20sin2^
2.2e
A program7 written by David Horita and Philip Hajduk was used to calculate 
order parameters. This program also was able to measure torsion angle distributions for
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a molecule through a dynamics simulation. This provides invaluable information on the 
rigidity of the molecule.
When correlating internal motions die length of the simulation run is important.
The time needed for a simulation is dependent on the length of the internal motion
being investigated. For motions under 10 ps then simulation runs of the order of 100’s
of ps are usually sufficient. However for correlation times greater than 10 ps the
simulation run needs to be of the order of nanoseconds. This criterion can often be
v expensiye
difficult to satisfy for large molecules, as it is very in terms of computer time.
When calculating auto correlation calculations for internal motions, if the simulation run 
is not long enough, then the correlation function will not reach an asymptotic point, but 
will continue to fall.
Another problem sometimes encountered when calculating auto correlation 
functions for internal motions is the overall rotation of the molecule. Unless the 
program used has the ability to keep the molecule in the same location during the 
simulation run then any overall rotation, if it is big enough, can affect results. Any 
translational motion does not affect the calculations, but if the molecule is rotating 
sufficiently fast this will affect the auto correlation function. This is generally only a 
problem for small molecules. The result is an auto correlation function that does not 
simply fall off exponentially, but oscillates (Fig. 2.53).
Another problem can be under sampling of the trajectories. This can easily be 
remedied by increasing the sampling frequency (number of structures/ps)
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Figure 2.53 Time correlation for a bond vector undergoing overall rotation
Results from the molecular dynamics simulations are presented in chapter 4.
l In s ig h tII  2 .3 .0 ,  B i o s y m  T e c h n o l o g i e s  L t d . ,  S a n  D i e g o ,  U S A .
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7  D a v i d  H o r i t a .  P r i v a t e  c o m m u n i c a t i o n s
Chapter Three 
Electron Spin Resonance
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3 .1  E S R  D eterm ination o f  V isco sity
3.1.1 Introduction
ESR allows a ready means of measuring rotational correlation times, tc. These 
are related to the viscosity of the medium by the Stokes-Einstein-Debye (SED) 
equation:
where r is the radius of the tumbling molecule; i; is the viscosity of the solvent; /i s  the 
microviscosity factor, k is the Boltzmann constant and T is temperature. For ESR 
measurement the tumbling molecule is chosen to be a spin probe. A spin probe is a 
stable free radical which preferably undergoes isotropic rotation. For accurate ESR 
measurement of t c, it is important that the spin probe has no unresolved hyperfine 
splittings. The radical chosen for use here is l,l,3,3-tetrakis(deuteriomethyI)isoindolin- 
2-yloxyl (TMIOD) (Fig. 3.1). This does have some unresolved splittings but these have 
been minimised by deuteration.
Figure 3 .1 1, l,3,3-tetrakis(deuteriomethyl)isoindolin-2-yloxyI (TMIOD)
For the work described here, the microviscosity factor is taken as 0.16, the value for a 
neat liquid. TMIOD has been modelled using the Hyper chem1 program and from it the 
van der Waals radii in the x,y and z directions were estimated to be 0.471, 0.426 and 
0.361 nm respectively. Thus the effective radius r is :
tc -  4 7zr3 rtf' j3hT 3.1
C D .
(0.471 x 0.426 x 0.361 )1/3 -  0.417 mn.
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Thus by substituting this into the Stokes-Einstein-Debye equation the value of xc at 292 
K in water was calculated to be 1.21 x 10*ns. This is to be compared with a value of
1.01 x 10_11s found from ESR measurement. The discrepancy between the two values 
can be attributed either to the value of /  and/or r needing to be adjusted. We have 
chosen to compensate for this by adjusting the value of r to 0.391 mu.
The spectrum of TMIOD consists of three lines due to the hyperfine 
interactions of the 14N nucleus with the unpaired electron, in the Jt orbital. Other nuclei 
such as 15N and 13C have low natural abundance and so give satellites lines next to the 
main 14N lines. In low viscosity media these lines are shaip. Expected minimum line 
widths for TMIOD in a deoxygenated solvent are approximately 0.04 mT. In more 
viscous media the lines broaden and the height of the third line ( mr = -1) gets smaller 
compared with the other two lines (mT = +1 and mr = 0). Figure 3.2 shows two ESR 
spectra of TMIOD in dcfdc at 20 °C and 60 °C. The differences are clearly seen.
Figure 3.2 ESR spectra o f TM IO D  in dcfdc
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As the system is cooled the molecules begin to move more slowly and 
asymmetric line broadening of the high field line occurs, due to the anisotropy of the g- 
factors and the nitrogen-14 hyperfine interactions. By measuring line widths (w) and 
heights (h) from expanded spectra the rotational correlation times can be calculated 
over a range of temperatures.
If isotropic rotation is assumed, then tumbling occurs equally about the three 
axes: x, y and z. Using the following equations2 two correlation times can be calculated, 
tb and xc.
w{mT) = A +B(mj 3.2a
w+1 = A + B + C 
w0 = A
w_j = A — B + C
3.2b 
3.2c 
3.2d
Where:
B = [■%}»+ 3.3a
3.3b
Then:
r8 = 155/(46 AS0) 3.4a
3.4b
The constants b and A are derived from the powder spectrum of TMIOD3
b = 4 4 (« k + ^ ) - { ( « w + ^ ) - ( « -  + ^ ) } ] / 3  
A = Nfie)[&* -  + g„ )]jh
3.5a
3.5b
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where aN and ANii are the nitrogen hyperfine interactions and ga are the anisotropic g- 
factors. B0 is the static applied magnetic field in mT, J3e is the Bohi' magneton for an 
electron and h is Planck's constant. For TMIOD b = 12.20 mT and A = -4.612xl05.
Using these equations, the experimental results confirmed that TMIOD tumbles 
isotropically in water. Since the radical is very soluble in organic solvents, then 
rotational correlation times measured and combined with calculations using the Stokes- 
Einstein-Debye equation can be used to measure the viscosities of the cyclohexyl esters 
used in this work. Additionally, the radical is veiy stable even at the high temperatures 
(-150  °C) used for some of the esters. Since the viscosities can be measured over a 
wide temperature range it is possible to evaluate the "activation energy" associated with 
viscosity. This is directly comparable with the activation energy found for the slow 
correlation time, xe, from the 13C NMR relaxation measurements (chapter 5). Results 
for viscosity determination for the fluids studied are presented below. The correlation 
time xB is used for calculating the viscosity. This is because xB is more reliable as it 
averages all the hyperfine coupling constants (aN and AN) and all the g-values, where as 
xc only averages out the hyperfine coupling constants. ESR provides an invaluable 
means of measuring the viscosity of these fluids as only a small amount of fluid is 
needed.
The radical was prowled by Prof. L.H. Sutcliffe, and a concentration of 1 jiM  
was made with each fluid. All the samples were degassed in a manner similar to that 
used for the NMR samples. Measurements were made on a Jeol RE1X ESR 
spectrometer. Temperature control was a JEOL DVT-2 unit and was calibrated by a 
thermocouple. There is a limit to how low measurements can be taken. When the height 
of the low field line falls below approximately a third of the height of the high field 
lines, the equations no longer apply.
128
These are presented below. The plots of In (viscosity) against 1/T give activation 
energies which can be compared with the activation energies of Te found for all the 
fluids studied (chapter 5).
3.1.2.1 Dicyclohexyl succinate fdcs)
3.1.2 Results
Temperature /IC Viscosity /cP
298.4 5.75
308.5 4.03
318.3 3.06
328.2 2.47
338.1 1.91
353.2 1.35
367.9 1.28
100Q/T
In viscosity
Figure 3.3 Ln viscosity vs 1/T plot for dcs
Gradient = 2.46 
Activation energy for viscosity = 20.5 kJ mol-1
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3.1.2.2 Dicyclohexyl malonate (dcm)
Temperature /K Viscosity /cP
298.6 5.95
308.4 4.01
318.2 3.04
328.1 2.03
338.1 1.92
348.1 1.55
358 1.15
1000/T
In viscosity
Figure 3.4 Plot of In viscosity vs 1/T for dcm
Gradient = 2.50 
Activation energy for viscosity = 20.8 lcJ m ol1
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3.1.2.3 Dicyclohexyl methylmalonate (dcanm)
Temperature /K Viscosity /cP
298.9 5.79
308.4 4.08
318.3 2.88
328.2 2.50
338.1 1.87
348.0 1.53
357.9 1.33
1000/T
7
......i
2.9
......  E.....
3.1 3.3 ^ 3
<5>
<S>
<6
*&
-5
-5.2*
In viscosity
-5.4 
-5.6 
-5.8 
-6 
-6.2 
-6.4 
-6.6 
-6.8
Figure 3.5 Plot of In viscosity vs 1/T for dcmm
It can be seen that the gradient is changing as the temperature falls. The gradient 
at the lower temperatures where most of the measurements for the NMR work has 
been taken is greater than at the higher temperatures. This gradient will be quoted with 
the NMR work in chapter 5.
Gradient <  318 K  = 3.32 
Activation energy for viscosity = 27.6 lcJ m ol1 
Gradient > 318 K =  1.64 
Activation energy for viscosity = 13.7 kJ mob1
3.1.2.4 Di-4-methvlcvclohexvl succinate (d4mcs)
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Temperature /K Viscosity /cP
308.6 5.05
318.3 3.62
328.2 2.59
338.1 2.16
348 1.65
358 1.45
367.9 1.27
1000/T
-5 - 
2
-5.2 + 
In viscosity
-5.4
-5.6
-5.8
-6
-6.2
-6.4
-6.6
-6.8
2.8 2.9 3.1 3.2 313
Figure 3.6 Plot of hi viscosity vs 1/T for d4mcs
Gradient = 2.64 
Activation energy for viscosity = 21.9 kJ mol-1
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3.1.2.5 Tricvclohexvl 1.2,3-propanetricarboxyiate (tcptc)
Temperature /K Viscosity /cP
313.3 11.04
323.3 7.32
333.1 4.80
343 3.46
353 2.66
362.9 2.10
382.8 1.41
1000/T
-5
In viscosity
Figure 3.7 Plot of In viscosity vs 1/T for tcptc
Gradient = 3.58 
Activation energy for viscosity = 29.8 kJ m of1
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3.1.2.6 Dicyclohexyl 3.4-furandicarboxvlate (dcfdc)
Temperature fK Viscosity /cP
313.3 16.89
323.2 10.27
333.1 6.67
343.0 4.48
353.0 3.05
362.9 2.54
382.8 1.73
1000/T
Figure 3.8 Plot of In viscosity vs 1/T for dcfdc
Gradient = 4.74 
Activation energy for viscosity = 39.4 ltJ mol-1
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3.1.2.7 Dicyclohexyl 2.3-dimethvlsuccmate (dc23dms)
Temperature /K Viscosity /cP
278.1 22.69
288.1 12.87
293.1 7.33
303.6 5.82
313.3 3.94
323.2 2.88
333.1 2.17
343.1 1.86
10QD/T
In viscosity
Figure 3.9 Plot of In viscosity vs 1/T for dc23dms
Gradient = 2.92 
Activation energy for viscosity = 25.5 kJ m ol1
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3.1.2.8 Dicyclohexyl 2,2-dimethvlsuccinate fdc22dms)
Temperature IK Viscosity /cP
278.1 13.79
288.1 8.20
298.0 5.24
307.9 3.35
323.2 1.78
333.1 0.81
1000/T
-6.5
Figure 3.10 Plot of In viscosity vs 1/T for dc22dms
Gradient = 3.46 
Activation energy for viscosity = 28.8 kJ mol-1
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3.1.2.9 Dicyclohexyl dimethvlmalonate (dcdmrn)
Temperature fK Viscosity /cP
278.1 15.92
288.1 9.29
298.1 5.21
308.5 3.79
318.3 2.81
328.2 2.10
338.1 1.79
348.0 1.45
1000/T
Figure 3.11 Plot of In viscosity vs 1/T for dcdmm
Gradient = 3.03 
Activation energy for viscosity = 25.2 kJ mol-1
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3.1.3 Discussion
Fluid Viscosity at 340 K  /cP Temperature Dependence
/kJ m ol1
dcs 2.03 20.5
dc22dms 1.39 28.8
dc23dms 1.95 25.5
d4mcs 1.97 21.9
dcfdc 4.75 39.4
tcptc 3.52 29.8
dcm 1.84 20.8
dcmm 1.80 27.6
dcdmm 1.66 25.2
The results show that the viscosities of the compounds studied are similar as are 
their temperature coefficients. The exceptions are tcptc and dcfdc which have 
viscosities of 3.52 and 4.75 cP respectively at 340 K. In addition, the temperature 
coefficients of the latter compounds are larger. These findings are in line with 
expectations from molecular weights. The temperature coefficients for dc22dms and 
dcmm, dc23dms are also rather high. Note that contributions to viscosity from 
hydrogen bond interactions are absent for all the compounds studied here.
The viscosities of dc23dms and dc22dms at 340 K  are markedly different. It 
was expected that they could be similar as they have the same molecular weight and 
similar structure. However the viscosity for dc22dms is significantly lower than 
dc23dms. The explanation for this could be related to the flexibility of the molecule. As 
was mentioned earlier (section 1.2.2) viscosity can be reduced by increased molecular 
flexibility. If this is the case then lower order parameters are expected for dc22dms than 
dc23dms, from the NMR work (sections 5.1.2.4 and 5.1.2.5).
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3 .2  E S R  Studies o f  dcfdc
3.2.1 Experimental
The spin probe dead (section 1.1.7.2) was obtained from Prof. L.H. Sutcliffe. 
This was dissolved in dcfdc at an approximate concentration of 1 pM. The sample was 
degassed using several freeze-pump-thaw cycles. The spectrometer and temperature 
system was the same as that used in the viscosity measurements. Like TM OD, the 
spectrum of dead has three lines, and no unresolved hyperfine couplings. Correlation 
times were calculated by measuring line widths and heights, as before.
3.2.2 Results
A series of spectra were obtained over a range of temperatures. The constants b 
and A for this radical4 are 11.48 and -6.243 x lff5 respectively. Correlation times and a 
In plot are presented below.
Temperature d(R K) xB/ps xc/ps
373.1 157 220
362.8 183 265
352.9 231 332
343.1 289 410
333.2 392 569
323.2 471 682
313.4 625 851
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1000/T
<8>lnTb 
II In Tc
Figure 3.12 Plot of Inx vs 1/T for dead radical in dcfdc
The two correlation times are different, but their gradients are equal. This shows 
that the radical, and hence dcfdc, rotates isotropically. The correlation time xB, obtained 
for the radical, can be compared with the slow correlation time for dcfdc obtained by 
NMR (section 5.1.2.2).
Temperature = 347.1 K
tb = 271 ±  30 ps (ESR) 
ic = 370 ±  80 ps (NMR using the "model-free” method) 
xc = 334 ±  60 ps (NMR using the reduced Lorentzian model)
The correlation times measured using NMR and ESR compare within experimental 
error.
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Chapter Four 
Molecular Dynamics
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4 .1  M olecu lar D yn am ics S im ulation s
A series of molecular dynamics simulations were obtained as described in 
section 2.3.3. The length of each simulation is 1000 ps. The number of correlations is 
500, and all the structures calculated in the trajectory were used. Calculated order 
parameters and torsion angle distributions are presented now for all the molecules 
studied in the NMR relaxation experiments.
4.1.1 Dicyclohexyl Succinate (dcs)
Figure 4.1 Torsion angles for dcs
Plots of the time correlations for some of the carbons in dcs are displayed in 
Figs. 4.2a, 4.2b, 4.2c.
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correlation number 
Figure 4.2a Time correlation function for carbon 5 in dcs
The order parameter can be read off this graph as 0.24. The time correlation 
functions have the same form for all of the cyclohexyl ring carbons in dcs. The acid 
backbone carbons have a higher order parameter of 0.44. The time correlation 
functions are the same between axial and equatorial bonds for a carbon in the 
cyclohexyl rings, except for carbon 8. The order parameter calculated for the equatorial 
bond was considerably greater than the axial bond. Fig. 4.2b and 4.2c show the time 
correlation functions for the two C-H vectors for carbon 8 in dcs.
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correlation number
Figure 4.2 b Time correlation for the equatorial C-H bond of carbon 8 in dcs
correlation number
Figure 4.2c Time correlation for the axial C-H  bond for carbon 8 in dcs
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Carbon number Calculated SXat 300 K
2/3 0.44
5 0.24
6 0.24
7 0.25
8 eq. = 0.72 ax. = 0.25
9 0.24
10 0.25
Figure 4.3 Calculated order parameters for dcs
These order parameters can be compared with those found experimentally by 
NMR as discussed in section 5.1.2.1. The order parameter for carbon 8 can be taken as 
an average of the two values calculated for each bond vector. The higher order 
parameter for the equatorial vector indicates that there is internal motion along that 
vector, which affects all the other bond vectors more. If this is the case then it is 
expected that the order parameter for carbon 8 measured by the NMR will be higher. 
This is because dipolar relaxation occurs when the angle between the bond vector and 
the vector of the static magnetic field, 9, fluctuates (section 1.3.2.1).
The torsion angle distributions are a histogram plot generated from a set of 
torsion angles from a molecular dynamics trajectory. The scales of these plots are fixed, 
so this makes comparison between plots difficult. Also 180° and -180° are judged to be 
different. This also complicates comparison, as moments cannot be calculated.
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Figure 4.4a Torsion angle distribution for angle psi in dcs
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Figure 4.4b Torsion angle distribution for angle phi in dcs
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Figure 4.4c Torsion Angle distribution for angle chi in dcs
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Figure 4.4d Torsion Angle distribution for angle kappa in dcs
The distribution of angles chi (%), phi (<p) and psi (\|/) indicate that dcs undergoes some 
restricted internal motion. When looking at a molecular dynamics trajectoiy at 400K 
this motion is effectively speeded up. The torsion angles kappa and psi are quite 
animated, and as the trajectoiy proceeds there is a subtle internal motion which forces
Starting Geometry
B  R
O
Starting Geometry 
,R
s t y
R
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the molecule to change confoimation between a linear and 'oyster' like structure (see 
section 2.3.2). Angle phi is relatively motionless until just before the molecule opens up 
fully, where the torsion angle is quite flexible. As the molecule begins to close up again 
angle phi resumes its equilibrium position (~ 120°).
The angle kappa (k) is pretty rigid with the most populated angle being 0°. This 
set of torsion angle distributions indicates that dcs is fairly flexible. The order 
parameters calculated agree with this. The results found experimentally using the NMR 
also agree with this and are presented in section 5.1.2.1.
4.1.2 Dicyclohexyl malonate (dcm)
Figure 4.5 Torsion angles for dcm
Carbon number Calculated S2-at 300 IC
2 0.75
5 0.54
6 0.45
7 0.44
8 eq. = 0.85 ax. = 0.46
9 0.45
10 0.46
Figure 4.6 Order parameters fo r dcm
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The time correlations for deni were affected by overall molecular rotation, and 
so the order parameters obtained from this molecular dynamics simulation are 
unreliable. The order parameter was taken as the asymptotic value after the oscillations. 
Fig. 4.12 shows a typical time correlation plot for this molecule.
correlation number
Figure 4.7 Time correlation for carbon 5 in dcm
Molecular rotation is a problem for small molecules when the program used to 
calculate the molecular dynamics trajectory cannot fix the position of the molecule. This 
was the situation with dcm, when Discover was used for the simulation. There are 
some ways of getting around this. The first way is to use another computer program 
which can compensate for these problems; but such a program is not available. The 
second was to include other dicyclohexyl malonate molecules or surround the molecule 
by nonionic solvent molecules (such as methane), and simulate the assembly. This 
however is particularly computationally expensive to do for the length of simulations 
needed, and so for this work was not feasible.
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Figure 4.8a Torsion angle distribution for angle psi in dcm
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Figure 4.8b Torsion angle distribution for angle kappa in dcm
The torsion angle distributions for angle kappa is the same as in dcs. From the 
distribution of angle psi in dcm , this torsion seems to be more rigid than the equivalent 
angle in dcs.
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4.1.3 Dicyclohexyl Z2-dimethyl succinate (dc22dms)
no 1C O
/ * 8 \  9  I  *  l y j l  2 a
\  . k 6\  H 2b A 2- C H 3 
7 I C H g^cp
I
10
Figure 4.9 Torsion angles for dc22dms
Carbon number Calculated S^at 300 K
3 0.73
5 0.32
6 0.34
7 0.35
8 ax. -  0.29 eq. = 0.76
9 0.36
10 0.34
Figure 4.10 Calculated order parameters for dc22dms
It was not possible to measure an order parameter for the methyl groups. Fig. 
4.11 shows the time correlation plot for carbon 2a. It is veiy noisy, and there is no 
asymptotic point to be found. This was found for all the methyl groups calculated, and 
so there are no satisfactoiy order parameters for any methyl carbons presented in this 
chapter. The problems encountered are probably due to both undersampling and the 
length of the simulation. The frequency of structures sampled eveiy picosecond needs 
to be increased from 10/ps to 100/ps or higher. This is costly in terms of computer 
time, and was not able to be done for this work.
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Correlation number
Figure 4.11 Time correlation a methyl carbon in dc22dins
Tor
The time correlations for the other carbons were satisfactory and the order 
parameters calculated are similar to those of dcs. There was no difference between the 
order parameters for carbons in either cyclohexyl ring.
Torsion angle distributions for all the torsion angles in the succinic group were 
plotted to see if there was any difference in conformations due to the unsymmetiical 
substitution of the methyl groups.
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Figure 4.12a Torsion angle distribution for angle kappa in dc22dms
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Figure 4.12 b Torsion angle distribution for angle psi in dc22dms
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Figure 4.12c Torsion angle distribution for angle phi in dc22dms
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Figure 4.12d Torsion angle distribution for angle theta in dc22dms
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Figure 4.12e Torsion angle distribution for angle chi in dc22dms
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Figure 4.12f Torsion angle distribution fo r angle omega in dc22dms
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Figure 4.12g Torsion angle distribution for angle epsilon in dc22dms
The presence of the methyl groups does, in fact, affect the conformation about 
the centre of the molecule. The torsion angles chi and epsilon affect the conformation 
of the ester linkage on the cyclohexyl lings. They are different. The torsion angle chi, 
which is nearest the methyl groups, has only one populated torsion, while epsilon has 
two. This indicates less freedom, for the molecule, about the methyl groups. The two 
torsion angles in from chi and epsilon are kappa and omega. It can be seen that kappa is 
much more restricted than omega. Theta is fairly mobile, but is limited to three 
conformations. The central bond phi is rigid. This agrees with the proton NMR 
spectrum obtained for dc22dms (section 2.1.2.2).
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4.1.4 Dicyclohexyl 2.3-dimethvlsuccinate
Figure 4.13 Torsion angles for dc23dms
Carbon number Calculated S^ at 300 K
2 0.41
5 0.24
6 0.23
7 0.22
8 eq. = 0.78 ax. = 0.31
9 0.20
10 0.25
Figure 4.14 Order parameters for dc23dms
The order parameters for the cyclohexyl rings are similar to those for dcs. Again 
carbon 8 has two different order parameters depending on the orientation of the vector 
of the C-H bond.
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Figure 4.15a Torsion angle distribution for angle phi in dc23dms
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Figure 4.15b Torsion angle distribution for angle kappa in dc23dms
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Figure 415c Torsion angle distribution for angle chi in dc23dms
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Figure 415d Torsion angle distribution for angle psi in dc23dms
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The torsion angle phi does not go much past 180°, preventing the methyl groups 
getting too close. The angle psi is much more rigid in dc23dms than dc22dms. There is 
one main torsion angle in dc23dms, but there are three in dc22dms.
4.1.5 Dicyclohexyl 3.4-furandicarboxvlate
Figure 4.16 Dcfdc
Carbon number Calculated SUat 300 IC
2a 0.70
3a 0.70
5 0.60
6 0.63
7 0.56
8 ax. = 0.57 eq. = 0.93
9 0.58
10 0.57
Figure 4.17 Order parameters for dcfdc at 300K
As is expected from the conformational plots, dcfdc is more rigid than dcs, and 
this is reflected in the higher order parameters. These however were calculated at 
300K but as dcfdc is a solid at 300K they cannot be directly compared with the order 
parameters calculated from the NMR measurements. For this comparison to be made a 
second molecular dynamics simulation was obtained at 350K. Order parameters and
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torsion angle distributions at this temperature are presented after the torsion angle 
distribution plots at 300IC The greater rigidity of dcfdc is also seen in the torsion angle 
distributions.
0 15 30 45
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Figure 4.18a Torsion angle distribution for angle psi in dcfdc at 300 K
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Figure 4.18b Torsion angle distribution for angle phi in dcfdc at 300 K
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Figure 4.18c Torsion angle distribution for angle kappa in dcfdc at 300K
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Figure 4.18d Torsion angle distribution for angle chi in dcfdc at 300K
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A table of order parameters calculated at 350K are presented below. They are 
only veiy slightly lower than the order parameters calculated at 300K.
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Carbon number Calculated S2-at 300 K
2a 0.68
3a 0.69
5 0.57
6 0.57
7 0.55
8 ax. = 0.55 eq. = 0.91
9 0.56
10 0.54
Figure 419 Order parameters for dcfdc at 350K
There is not a great increase if flexibility at 350K. Torsion angle distributions at 
350K are now presented. (Figs. 4.20a-d)
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Figure 420a Torsion angle distribution for angle psi in dcfdc at 350K
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Angle psi has slightly greater flexibility, but angle phi is the same at 350K and 300K.
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Figure 4.20b Torsion angle distribution for angle phi in dcfdc at 350K
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Figure 4.20c Torsion angle distribution for angle kappa in dcfdc at 350 K
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Figure 4.20d Torsion angle distribution for angle chi in dcfdc at 350K
There is a slightly greater distribution for angle kappa at 350 K than at 300 K. 
There is no significant difference for angle chi at either temperature.
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4.1.6 Dicyclohexyl methvlmalonate (dcmm)
Figure 4.21 dcmm
Carbon number Calculated S^ at 300 K
2 0.80
5 0.45
6 0.40
7 0.40
8 eq. =0.81 ax. = 0.42
9 0.40
10 0.38
Figure 4.22 Order parameters at 300K
The same problems encountered with dcm were found here when calculating 
the time correlation functions. Overall molecular motion affected the results, leaving 
them unreliable.
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Figure 4.23a Torsion angle distribution for angle chi in dcmm
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Figure 4.23b Torsion angle distribution of angle kappa in dcmm
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Figure 4.23c Torsion angle distribution of angle psi in dcmm
The torsion angle chi shows that the methyl group is forcing the confoimation about the 
centre of the molecule into two main structures. These both correspond to the two 
energy well structures seen in the conformational plots.
4.1.7 Dicyclohexyl dimethvhnalonate (dcdmm)
1C O
x ( Q c "
^ C  — CHq 
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Figure 4.24 Torsion angles for dcdmm
Plots for dcdmm also showed an oscillating time correlation, so the order 
parameters quoted are unreliable.
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Carbon number Calculated S^ -at 300 K
5 0.49
10 0.53
9 0.52
8 eq. = 0.86 ax. = 0.54
7 0.55
6 0.56
Figure 4.25 Order parameters at 300K
The order parameters calculated here are higher than for the succinates, and 
other, less substituted, malonates, reflecting the greater rigidity of the molecule.
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Figure 4.26a Torsion angle distribution for angle chi in dcdmm
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Figure 4.26b Torsion angle distribution for angle kappa in dcdmm
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Figure 4.26c Torsion angle distribution for angle psi in dcdmm
The increased rigidity of this molecule, due to the methyl groups can be seen by 
the torsion angle distributions. Again the methyl groups dictate the conformation about 
the centre of the molecule. The number of conformations for angle psi is less for 
dcdmm, than for dcmm.
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4.1.8 Tricvclohexvl 1.2.3-propanetricarboxvlate (tcptc)
Figure 4.27 Tcptc
Carbon Order Parameter
1
2
3
5 0.28
6 0.30
7 0.27
8 eq. = 0.78 ax. = 0.26
9 0.29
10 0.27
Figure 4.28 Order parameters for tcptc at 350 K
The dynamics simulation was peifoimed at 350 K. There was no asymptotic 
point in the time correlations for carbons 1,2 and 3, so no order parameters were 
determined. These carbons are more rigid than the cyclohexyl ring carbons, and their 
internal correlation times are longer than the cyclohexyl ring carbons (see section 
5.1.2.8). No asymptote indicates that the MD simulation was not sufficiently long. A 
longer simulation run is need of about 1500 - 2000 ps, but this was not possible. There 
was no significant difference in order parameters between carbons in the three
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cyclohexyl rings. Angle chi shows the same torsion angle distribution as dcs. Kappa has 
a smaller spread o f  angles than dcs. This indicates greater rigidity.
Angle in degrees
Figure 4.29a Torsion angle distribution for angle chi in tcptc
Angle in degrees
Figure 4.29b Torsion angle distribution for angle kappa in tcptc
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Figure 4.29c Torsion angle distribution for angle psi in tcptc
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Figure 4.29d Torsion angle distribution for angle phi in tcptc
Distributions for angles phi and psi also indicate a rigid structure.
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Figure 4.29e Torsion angle distribution for angle epsilon in tcptc
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Figure 4.29f Torsion angle distribution for angle omega in tcptc
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4.1.9 Di-4-methvlcvclohexvl succinate (d4mcs)
Figure 4.30 D4mcs
Carbon number Calculated S^at350IC
2 *
3 ❖
5 0.30
6 0.33
7 0.30
8 0.29
9 0.31
10 0.31
Figure 4.31 Order parameters for d4mcs at 350K
* There was no asymptotic point in the time correlation for either carbon 2 or 3. 
The simulation was earned out at a temperature of 350K. This indicates that the 
simulation was too short. It w as not possible to obtain a longer simulation for this work. 
Torsion angle distributions are given below.
176
1400
1200 --
Frequency
1000
800
600
400 --
200 --
0 90
Angle in degrees
180
Starting Geometry 
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Figure 4.31b Torsion angle distribution for angle psi in d4mcs
Angle psi shows that d4mcs is more flexible than dcs (this is consistent with the NMR 
data in section 5.1.2.7).
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Figure 4.31c Torsion angle distribution for angle chi in d4mcs
-60 -30 0 30 60
Torsion angle
Figure 4.31d Torsion angle distribution for angle kappa in d4mcs
The distributions for angles chi and kappa are the same as dcs.
C h a p t e r  F i v e
N u c l e a r  M a g n e t i c  R e s o n a n c e
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5 .1  N M R  R e s u lts
5.1.1 Fitting of carbon-13 NMR data
Correlation times and order parameters can be calculated using a suitable model 
from a range of Tx and NOE data. There have been several approaches to fitting NMR 
data. Kowalewsld1 varied the frequency only and has calculated correlation times and 
order parameters at two temperatures. However correlation times do have a 
temperature dependence, and so if temperature is used as a variable then the number of 
frequencies used to measure Tx and NOE data can be reduced. This method has been 
applied with some success2, where an Arrhenius relationship has been used for the 
correlation time.
This relationship applies to both the overall rotational motion and the internal motion. 
For a plot of In t against 1/T the intercept is t298, and the gradient is Ea/R. Ea is the 
activation energy and refers to the temperature dependence of the correlation time.
The temperature dependence of the behaviour of the fluid could lead to 
important engineering information, and so this should be investigated. Also there are 
limitations to the number of frequencies that can be used for measurements as it is 
difficult to get enough time on different spectrometers.
Whether using the reduced Lorentzian model or the Lipari-Szabo "model-free" 
approach the overall slow motion of the molecule should be the same for each carbon 
in the molecule, and allows all carbons in a molecule to be simultaneously fitted. Data 
fitting using both simultaneous and individual models was done so that results could be 
compared. A least squares fitting program, Scientist For Windows3, was used to fit all
(5-1)
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the NMR data. Findings from this work are discussed below using certain molecules to 
illustrate key points. Results are discussed for each individual fluid afterwards.
Experimental relaxation rates (= l/TQ were normalised for the number of 
protons attached to the carbon by diriding by the number of attached protons.
5.1.1.1 Fitting Results
Models were written to fit carbons, in a molecule, both simultaneously and 
individually and using both reduced Lorentzian and "model-free" methods (See 
appendix 2). hi these models an Arrhenius relationship for both overall and internal 
motions was used, and the order parameter, S2, was left as a constant.
It was important to choose the correct model for the type of dynamic motion of 
each carbon investigated. As has been previously documented4 methyl groups require 
the "model-free" method (see section 1.3.4.2). It was expected that carbons in the more 
rigid molecules would require the reduced Lorentzian model. For the more flexible 
molecules carbons might be able to be fitted using the reduced Lorentzian model, but if 
there were any internal motions of timescales sufficiently long (of the order of 
picoseconds), the "model-free" method might have to be employed.
The two carbons in the furan ring of dcfdc were used as a starting point. These 
were considered to be the most rigid carbons, and so they should be fitted using the 
reduced Lorentzian model. Figures 5.1, 5.2 and 5.3 show some NOE and rate data for 
dcfdc. They have been plotted using Cricket Graph5 and a fourth order polynomial 
cun/e has been fitted.
181
500 MHz data for carbons 
2a/3a in dcfdc
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Figure 5.1 NOE data for the furan ring carbons in dcfdc
In cases where the "model-free" method should be used, it is the NOE plot that 
gives the first indication o f  the need to include a second correlation time for internal 
motion. In methyls it is characterised by a turning up o f  the NOE plot. Also, as will be 
illustrated later, NOE plots are more sensitive than rate plots to the model used. For 
most o f  the data it was found that the rate could be fitted just as easily using the 
reduced Lorentzian model or the "model-free" method. Results at 300 MHz are more 
or less as expected. At the higher temperature the NOE is reaching its maximum value, 
and then steadily falls o ff  as the temperature is lowered. The NOE plot at 500 MHz, 
however, is not quite as expected. As the temperature is lowered to near the melting
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point of the fluid the NOE levels off If the reduced Lorentzian model was the 
appropriate model then the NOE would approach its lower limit of 0.154 
asymptotically. As the NOE does not do this is the first indication that the behaviour of 
this fluid is not as expected. Looking at the NOE plots for the other carbons in the 
molecule, a similar levelling out of the NOE can be seen.
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Figure 5.2 NOE data for carbons in the cyclohexyl ring in dcfdc
Data at 300 MHz are as expected: the NOE approaches its maximum value as 
the temperature is increased, and as the temperature is lowered there does not appear to 
be anything unusual. It is the 500 MHz data that show there is something unexpected 
going on. The levelling off of the NOE at a value higher then its minimum could be due 
to an internal motion. If this is the case then the "model-free" method needs to be used 
to fit the data. The plots of rate vs 1/T are fairly insensitive to any dynamic changes 
picked up by the NOE plots.
500 MHz data for carbons 6/10 
in dcfdc
300 MHz data for carbons 6/10 
in dcfdc
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Data for carbons 6/10 in dcfdc
1/T
Figure 5.3 Plot of fitted data for the ftiran ring carbons in dcfdc
The rate and NOE plots look, more or less, the same for all the carbons in the 
cyclohexyl lings. It seems a fair assumption that they are all undergoing the same types 
of motion. When the data were fitted for the furan ling carbons the reduced Lorentzian 
model was used. For the cyclohexyl ring carbons the reduced Lorentzian and "model- 
free’1 methods were used to lit the data. Both simultaneous and individual fitting was 
done.
The first thing noticed for all the molecules was that simultaneous fitting gave 
poor results. Work was then concentrated on using individual fits. Figs. 5.4 and 5.5a/b 
show the both simultaneous and individual fits for the furan ling carbons in dcfdc.
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1 / T K x l O  l / T K x l O " 3
Figure 5.4 Simultaneous fitting using the reduced Lorentzian model carbons 
2a/3a in dcfdc
Figure 5.5a Individual fitting using the reduced Lorentzian model for carbons 
2a/3a in dcfdc
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Figure 5.5b Individual fitting for furan ring carbons in dcfdc
The individual fits are slightly better than the simultaneous fits. However they 
are far from good. It appears from the 300 MHz data that the data have been fitted with 
the correct model. When the 500 MHz data are considered the weakness of the model 
can be seen. For data where the reduced Lorentzian model is appropriate, once outside 
extreme narrowing the NOE falls off to its minimum value. This is not changed by 
different correlation times or activation energies. The experimental data levels off at a 
value higher than the NOE minimum as the temperature is lowered. The reduced 
Lorentzian cannot account for this. So while rate can be fitted using this model, the 
NOE is showing some serious deviations from what was expected. This reinforces 
the importance of NOE measurements. As the reduced Lorentzian model is incapable 
of fitting the data, the "model-free" method should be used. At first this approach 
seems inappropriate when considering the position of these carbons in the molecule. 
They are in the furan ring, and the only expected motion would be rapid librations of 
the C-H bonds. It is expected that these motions are too fast to influence the spectral 
density. There are some possibilities for this. Firstly, maybe at the higher frequency of
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500 MHz and at the lowest temperatures these motions may be slow enough to appear 
within the NMR timescale. This is not so implausible as the fluid is near its melting 
point at the temperatures where the NOE is levelling o f f  The second possibility is that 
the molecule is rotating anisotropically. The "model-free" method (i) introduces a 
second correlation time that would help to fit the spectral density, (ii) can also be used 
for rigid atoms attached to an anisotropically rotating molecule6 and (iii) is very similar 
to the two step model which has been applied to micelles7. The ESR results show that 
the molecule is rotating isotropically (section 3.2.1).
Another carbon was considered from dcfdc to see i f  the problems encountered 
with the furan carbons were universal or specific to those atoms. This is carbon 5 which 
was considered to be more flexible than the furan ring carbons.
Figure 5.6a Individual fitting using the reduced Lorentzian model for carbon 5 
in dcfdc
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1/T Kx 10"3 1/T Kx 10"3
Figure 5.6b Individual fitting using the reduced Lorentzian model for carbon 5 
in dcfdc
Figure 5.7a Individual fitting using the "model-free" approach for carbon 5 
in dcfdc
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1/T K x  10"3 1/T K x  103
Figure 5.7b Individual fitting using "m odel-free”  method for carbon 5 in dcfdc
Figs. 5.6a and 5.6b show the NOE and rate data fitting graphs for carbon 5 using the 
reduced Lorentzian model. The 300 MHz NOE data fitting looks good, but the 500 
M Hz data fitting is poor. The rate fits at both 300 MHz and 500 M Hz are also poor. 
Clearly this is not the collect model. Figs. 5.7a and 5.7b show results using the "model- 
free" method. However both the NOE and rate plots are poor. The NOE's at 500 MHz 
and at low temperature level off, like carbons 2a/3a. The reduced Lorentzian model 
cannot fit the NOE data, and while it is possible for the "model-free" method to take 
the NOE behaviour into account, it still fits the data badly. This situation is found for all 
the carbons in dcfdc.
The problems encountered in fitting the data for dcfdc were common, in fact, to 
all the molecules studied. Even molecules that were considered flexible showed poor 
fits when either model was used. When the reduced Lorentzian model was applied to 
carbons in the cyclohexyl ring the rate data appeared to be fitted (Fig. 5.8a). It was the 
NOE plots (Fig 3.8b) that showed that was not true. As with the NOE’s for dcfdc, the 
NOE's for all the carbons in dcs level o f f  as the temperature is decreased.
In 
Ra
te
Figure 5.8a Fitting using the reduced Lorentzian model for carbons 6/10 in dcs
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Figure 5.8b Fitting using the reduced Lorentzian model for carbons 6/10 in dcs
Carbons 2/3, in dcs, are more rigid then carbons 6/10 (section 2.1.2.1) and so 
the reduced Lorentzian model might fit these carbons. Figs. 5.9a and 5,9b show the 
fitted rate and NOE data for these carbons.
1/T ICx 10-3 1/T ICx 10
Figure 5.9a Fitting using the reduced Lorentzian model for carbons 2/3 in dcs
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Figure 5.9b Fitting using the reduced Lorentzian model for carbons 2/3 in dcs
The plots are fitted much better than for carbons 6/10. Even the NOE plot is 
fitted fairly well. However the fits are still not good enough. When the "model-free'1 
method is used for carbons 6/10 and carbons 2/3 a negative value for the internal 
correlation time at 298K or internal activation energy is calculated.
With the problems in fitting the data being the same for all the molecules 
investigated the assumptions used must be incorrect. So the first thing to consider is that 
S2 is temperature dependent. This has been seen before1*89. The temperature 
relationship given to S2 could be Arrhenius, or linear, with the form y  = mx + c. 
Calculations where S2 is given an Arrhenius relationship gave some strange results that 
could not be correct. Figure 5.10 shows a fit where S2 was given a linear temperature 
dependence with the inverse o f  temperature. While the fit is still not good, it is better 
than before.
192
Figure 5.10 Individual fitting using the "model-free" method with S2 having 
a 1/T dependence for carbons 6/10 in dcs
There are not many ways left for fitting the data. The best way seems to be to 
calculate spectral densities at point temperatures. There are problems with this method. 
By calculating at individual temperatures the ratio o f  data points to unknown parameters 
is reduced. There is a greater degree o f  error by not forcing the data to have a known 
temperature dependence. However there is an advantage in this, as the data are not 
being forced to fit an unsuitable temperature dependence.
5.1.1.2 Point calculations
The NM R data for each carbon were plotted at both the radiofrequencies used, 
and then fitted using a polynomial equation. It was found that a fourth order polynomial 
fitted best. Using these plots NOE and rate values can be read o ff  at point temperatures 
for both frequencies. This method also gave a rough indication o f  the quality o f  the 
data. Any points that were way out, and so could not be fitted with the polynomial
193
curve could be considered suspicious, and so treated with caution. These points were 
fortunately rare. Fig. 5.11 shows an example o f  the graphs used.
Figure 5.11 Polynomial curve fitting of NMR data
From plots like o f  Fig. 5.11, values at both frequencies could be obtained at 
point temperatures. Using these data, and by using a least squares fitting program, 
correlation times and order parameters could be obtained. The model used depended on 
the results obtained. I f the reduced Lorentzian model was unable to calculate NOE and 
rate values near the experimental data then the "model-free" method was employed. If 
the "model-free" method was not appropriate then negative correlation times or large 
errors in the calculated NM R data were found. Results for each molecule are now 
presented.
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5.1.2 Fitting results
5.1.2.1 Dicyclohexyl succinate (dcs)
Figure 5.12 Dicyclohexyl succinate
It was found that the "model-free" method was needed to fit the data for all the carbons 
in dcs. Calculated NOE and rate data are in veiy good agreement with the experimental 
data. Tables 5.1a-c show some experimental and calculated data. All correlation times 
are given in picoseconds
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
5 1.06 1.06 1.61 1.60 1.23 1.23 2.08 209
6/10 1.26 1.26 1.43 1.43 1.44 1.44 1.77 1.77
2/3 1.03 1.00 1.85 1.90 1.24 1.25 2.56 2.52
8 0.91 0.92 1.85 1.84 1.20 1.20 2.48 2.49
7/9 1.22 1.22 1.43 1.42 1.43 1.43 1.78 1.78
Table 5.1a NMR data for dcs at 303K using the "model-free" method
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500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
eZOL calc. exp. calc. ext). calc. exp. calc.
5 0.67 0.69 2.04 2.10 0.78 0.71 3.22 3.18
6/10 0.73 0.73 2.00 2.10 0.88 0.80 3.12 3.00
2/3 0.56 0.60 2.27 2.34 0.73 0.61 3.77 3.73
8 0.58 0.61 2.17 2.22 0.69 0.60 3.62 3.58
7/9 0.74 0.77 1.92 2.02 0.87 0.76 3.08 3.01
Table 5.1b NMR data for dcs at 283K using the model-free method
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
calc. exp. calc. exp. calc. exp. calc.
5 0.67 0.49 2.04 2.13 0.78 0.86 3.22 3.16
6/10 0.73 0.57 2.00 2.09 0.88 0.97 3.12 3.06
2/3 0.56 0.42 2.27 2.42 0.73 0.74 3.77 3.67
8 0.58 0.41 2.17 2.31 0.69 0.72 3.62 3.53
7/9 0.74 0.56 1.92 2.04 0.87 0.96 3.08 2.99
Table 5.1c NMR data for dcs at 283K using the reduced Lorentzian model
The inability o f  the reduced Lorentzian model to fit the data is demonstrated in 
table 5.1c, where the calculated NOE's at 500 MHz are too low. Calculated correlation 
times and order parameters have been tabulated in tables 5.2a-c.
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'emperature
Carbon 273 283 293 303 313 323 333
5 0.36 0.34 0.27 0.22 0.16 0.15 0.18
6/10 0.35 0.33 0.30 0.18 0.13 0.06 0.03
2/3 0.41 0.40 0.41 0.30 0.14 0.08 0.06
8 0.38 0.38 0.35 0.31 0.19 0.13 0.16
7/9 0.35 0.30 0.26 0.19 0.09 0.06 0.09
Table 5.2a Order parameters for dcs
’emperature
Carbon 273 283 293 303 313 323 333
5 1713.1 1296.6 904.0 686.4 556.4 415.7 284.4
6/10 1758.9 1102.4 624.5 551.9 431.3 473.3 472.3
2/3 2005.6 1447.5 720.5 605.3 653.4 574.0 466.8
8 2091.4 1541.0 884.2 604.5 549.5 459.4 347.3
7/9 1772.1 1336.3 704.5 533.4 514.8 426.7 255.2
Table 5.2b Slow correlation times for dcs
lemperature
Carbon 273 283 293 303 313 323 333
5 27.5 38.7 43.4 39.4 33.4 22.5 4.4
6/10 32.9 39.5 31.4 41.3 34.4 33.6 27.0
2/3 29.2 39.6 25.7 40.3 56,9 48.0 38.3
8 28.4 38.8 41.0 30.4 45.9 41.8 23.6
7/9 32.6 43.5 39.4 37.7 41.1 32.9 19.5
Table 5.2c Fast correlation times for dcs
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Errors for the slow correlation times and order parameters are less than 10%, 
which is within experimental error. The order parameters show a linear dependence 
with the reciprocal o f  temperature. The slow correlation times have an Arrhenius 
dependence with 1/T.
Errors for the fast correlation times are larger (20-60%). This makes 
interpretation harder. They are all o f  the same order, but it is therefore hard to 
rationalise them. Errors are larger for Te, as it is not as well defined by the data available 
as xc, which dominates the spectral density. This is true for all the molecules studied. To 
calculate the fast correlation time more accurately, data at a higher frequency is needed, 
where the motion is outside extreme narrowing.
From the results available the order parameters and fast correlation times 
decrease at the lowest temperature. While this is within experimental error, this strange 
effect is seen in the order parameters and fast correlations times for many o f  the other 
molecules studied. There does not appear to be an explanation for this. The slow 
correlation time dominates the spectral densities, so any change in the rate o f  relaxation 
or NOE will affect the fast correlation time, and hence the order parameter, which is a 
scaling factor.
Table 5.3 gives a set o f  data for dcs at 308 K. Order parameters calculated 
using molecular dynamics (at 3 0 0 IC) have been included for comparison with the order 
parameters calculated at 303 K. The activation energy for viscosity, measured using 
ESR (section 3.1.2), has been included to compare with the activation energy for the 
slow correlation time. The set o f  calculated data presented below is for comparison 
between the fluids studied. The temperature at which each fluids parameters have been 
quoted at is the temperature at which the viscosity is 4.0 ±  0.2 cP. This is the best way 
o f  comparing each fluid as thr ee o f  them are solid at room temperature.
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Carbon 5 6/10 2/3 8 7/9
(308K) 686.4 551.9 656.2 604.5 533.4
. (V ) 21.1 24.3 18.4 22.5 21.1
(303K) 39.4 41.3 40.3 30.4 37.7
S2 exp. 
(308K)
0.19 0.16 0.26 0.23 0.14
S2 exp. 
(303K)
0.22 0.18 0.30 0.31 0.19
S2 calc. 
(300K)
0.24 0.24 0.44 0.72/0.25 0.24
Table 5.3 Compiled data for dcs
There is good agreement between the calculated and experimental order 
parameters. The experimental order parameter for carbon 8 is higher than the other 
cyclohexyl ling carbons. This is reflected by the higher order parameter calculated for 
the equatorial C-H bond for carbon 8. The fast correlation times have been quoted at 
303K, because with no known dependence on temperature the value at 308 K  cannot 
be approximated.
Average slow correlation time at 308 K  = 607 ±  80 ps 
Average activation energy for the slow correlation time = 21.45 kJ mol*1 
Average S2 at 308 K  = 0.20 
Activation energy for viscosity from ESR = 20.5 kJ mol*1 
Viscosity at 308 IC = 4.01 cP
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5.1.2.2 Dicyclohexyl 3.4-furnadicarboxvlate (dcfdc)
Figure 5.13 Dicyclohexyl 3,4-furandicarboxyIate
The furan ring in the middle o f  the molecule gives dcfdc greater rigidity than dcs. It is 
found that the reduced Lorentzian model was the most appropriate model for fitting the 
N M R data for carbons 2a/3a. The NM R data for the other carbons, however, could be 
fitted using the reduced Lorentzian model only at the higher temperatures. At the lower 
temperatures (< 347.1 K ) the "model-free" method had to be used. Calculations above 
this temperature produced negative values for Te which indicated that the fast motion 
had become too fast for the NM R to detect. At the lower temperatures the internal 
motion is slow enough to affect the spectral density, so the reduced Lorentzian model 
can no longer be used. The region where this occurs is signified by calculated NOE's 
that are too high. There is a temperature region where both approaches can be used. 
This dependence on temperature, o f  the model used, is seen by all the other molecules 
and is discussed later. Tables 5.4a-c show calculated and experimental data, and tables 
5.5a-c show calculated order parameters and correlation times.
2 0 0
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
2a/3a 0.35 0.36 3.55 3.56 0.45 0.43 6.25 6.25
5 0.58 0.59 1.96 2.02 0.74 0.68 3.13 3.08
6/10 0.68 0.70 1.95 2.03 0.81 0.71 3.13 3.07
8 0.49 0.53 2.12 2.16 0.58 0.48 3.85 3.82
7/9 0.67 0.71 2.00 1.82 0.80 0.86 2.49 2.61
Table 5.4a NMR data for dcfdc at 317.2 K using the "inodel-free" method
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
2a/3a 0.35 0.25 3.55 3.58 0.45 0.41 6.25 6.23
5 0.58 0.45 1.96 2.04 0.74 0.79 3.13 3.07
6/10 0.68 0.51 1.95 2.06 0.81 0.89 3.13 3.05
8 0.49 0.29 2.12 2.27 0.58 0.85 3.85 3.50
7/9 0.67 0.54 2.00 1.79 0.80 0.94 2.49 2.63
Table 5.4b NMR data for dcfdc at 317.2 K using the reduced Lorentzian model
The calculated data using the reduced Lorentzian model for all the carbons, with 
the exception of carbons 2a/3a, were outside experimental error. The "model-free" 
method was able to calculate the data much closer to the experimental values.
2 0 1
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
2a/3a 0.62 0.61 3.82 3.68 0.96 1.03 5.26 5.35
5 0.82 0.79 1.71 1.60 1.20 1.25 2.17 2.25
6/10 1.10 1.04 1.50 1.45 1.38 1.46 1.92 1.96
8 0.78 0.77 2.13 2.10 1.20 1.22 2.94 2.97
7/9 1.06 1.02 1.48 1.44 1.39 1.46 1.92 1.95
Table 5.4c NMR data for dcfdc at 327.2K using the reduced Lorentzian model
Temperature
Carbon Method 317.2 327.2 337.1 347.1 357.0 366.8
2a/3a RL 0.77 0.87 0.86 0.80 0.74 0.71
5 RL 0.37 0.33 0.30 0.31
5 MF 0.35 0.34 0.30 0.27 0.28
6/10 RL 0.36 0.32 0.29 0.26
6/10 MF 0.32 0.29 0.24 0.22
8 RL 0.48 0.44 0.40 0.41
8 MF 0.43 0.43 0.44 0.40
7/9 RL 0.38 0.38 0.36 0.32 0.29 0.26
7/9 MF 0.26 0.26
Table 5.5a Order parameters for dcfdc
Errors for the slow correlation times and order parameters are less than 10%. As 
expected there is a general trend for the order parameter to increase as the temperature 
is lowered. There is also a linear dependence with 1/T, like dcs. The order parameters 
whether calculated using the reduced Lorentzian or ,fmodel-free'! methods are different. 
Order parameters calculated using the reduced Lorentzian model are higher than those
2 0 2
calculated using the "model-free" method. This is not surprising since by using the 
"model-free" method, the molecule is considered to be less rigid. By introducing a 
second correlation time into the reduced Lorentzian spectral density the contribution o f  
the overall correlation time is less and this is reflected in the order parameter.
The order parameters for the carbons in the cyclohexyl rings are higher than 
those found for dcs. This agrees with the modelling work that indicated that dcfdc is 
more rigid then dcs. The furan ring carbons are markedly less flexible than the 
cyclohexyl ring carbons. Carbon 2a/3a shows a marked fall in S2 at the lowest 
temperature, similar to some o f  the carbons in dcs. The reason for this is unknown.
Temperature
Carbon Method 317.2 327.2 337.1 347.1 357.0 366.8
2a/3a RL 1462.9 839.5 560.5 409.2 307.7 224.0
5 RL 481.1 350.0 249.5 167.6
5 MF 1179.9 756.8 577.8 400.2 260.9
6/10 RL 365.9 273.4 211.0 183.7
6/10 MF 1315.6 712.2 509.2 351.7
8 RL 497.3 361.6 266.2 197.8
8 MF 1960.0 954.7 534.9 383.3
7/9 RL 374.7 275.4 210.3 182.6
7/9 MF 933.4 697.9 472.6 306.1
Table 5.5b Slow correlation times for dcfdc
There is an Arrhenius correlation relationship between xc and temperature. 
From a In plot an activation energy can be calculated.
Slow Correlation time
i!j
ii:iiI
|
 1 | ,-----------------------1-----------------------j
0.0028 0.0029 0.003 0.0031 0.0032
1/T
reduced Lorentzian 
S  Model-free
Figure 5.14a Slow correlation time plot for carbon 8 in dcfdc
in of the slow correlation time
1/T
reduced Lorentzian 
i l  Model-free
i.... 
r""
O 
O
o 
o
O 
CO 
CN 
t-
1600 -
1400 -
1200 -
1000 -
800 ■
600 ■
400 •
200 - - *
0 4—  
0.0027
Figure 5.14b Plot of In tc vs 1/T for carbon 8 in dcfdc
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Temperature
Carbon 317.2 327.2 337.1 347.1 357.0 366.8
5 26.23 19.11 18.33 12.87 4.42
6/10 38.25 31.50 29.63 21.60
8 33.98 24.65 12.35 9.49
7/9 26.57 29.73 22.45 10.36
Table 5.5c Fast correlation times for dcfdc
Table 5.6 gives a set o f  data for dcfdc at 347.1 K. Order parameters calculated using 
molecular dynamics have been calculated at 350 K  for comparison with experimental 
data. The data presented here have been calculated using the "model-free" method, 
except carbons 2a/3a. Calculated order parameters are rather high.
Carbon 2a/3a 5 6/10 8 7/9
Tr. (347 IC) 409.2 400.2 351.7 383.3 306.1
AE, (TC) 33.3 33.3 40.7 50.2 34.5
tp. (347 K) 12.87 21.60 9.49 10.36
S2 exp. 
(347 IC)
0.80 0.27 0.22 0.40 0.26
S2 calc. 
(350 IC)
0.69 0.57 0.55 eq. = 0.55 
ax. = 0.91
0.56
Table 5.6 Compiled data for dcfdc
Average slow correlation time at 3 4 7 IC -  370 ±  60 ps 
Average activation energy for the slow correlation time = 38.4 kJ mol'1 
Average S2 at 347 K  = 0.39 
Gradient for viscosity from ESR = 39.4 kJ m ol'1 
Viscosity at 347K = 4.0 cP
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Figure 5.15 Dicyclohexyl malonate
This molecule was expected to be more rigid than dcs. Both models were 
needed to fit the data. It was found that calculated rate and NOE’s are in good 
agreement with experiment when the reduced Lorentzian model was used for the data 
from above and including 303 K. Below this temperature only the "model-free" method 
could fit the data. The "model-free" method could be used to fit the data up to 318 K. 
Below this temperature the fast correlation times calculated became negative, showing 
that the model is inappropriate. In the region where both models can be applied, the fits 
are no better for any one model.
Calculated and experimental data are presented below at 303 K  and 283 K.
5.1.2.3 Dicyclohexyl malonate (dcm)
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
5 1.21 1.16 1.35 1.29 1.48 1.57 1.64 1.69
2 1.25 1.27 1.56 1.51 1.51 1.65 1.88 1.92
6/10 1.40 1.38 1.16 1.13 1.66 1.71 1.38 1.40
8 1.15 1.11 1.67 1.60 1.44 1.53 2.08 2.13
7/9 1.46 1.43 1.16 1.15 1.68 1.74 1.41 1.41
Table 5.7a NMR data for dcm at 303 K using the reduced Lorentzian model
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500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exn. calc. exp. calc. exp. calc. exp. calc.
5 0.82 0.69 2.04 2.02 1.03 1.14 2.88 2.89
2 0.91 0.74 2.27 2.34 1.07 1.20 3.37 3.32
6/10 0.98 0.85 1.85 1.89 1.45 1.31 2.66 2.63
8 0.71 0.57 2.27 2.31 0.90 0.99 3.40 3.37
7/9 1.01 0.86 1.79 1.86 1.20 1.33 2.63 2.58
Table 5.7b NMR data for dcm at 283 K using the reduced Lorentzian model
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
5 0.82 0.81 2.04 2.07 1.03 1.03 2.88 2.86
2 0.91 0.85 2.27 2.39 1.07 1.06 3.37 3.28
6/10 0.98 0.94 1.85 1.93 1.45 1.20 2.66 2.60
8 0.71 0.69 2.27 2.34 0.90 0.88 3.40 3.35
7/9 1.01 0.95 1.79 1.90 1.20 1.21 2.63 2.55
Table 5.7c NMR data for dcm at 283 K using the reduced Lorentzian model
The inability o f  the reduced Lorentzian model to calculate rate and NOE data in 
agreement with the experimental data is shown in table 5.7c. As has been seen before, 
the calculated NOE at 500 MHz is too low, and the NOE at 300 MHz is too high. 
Order parameters and correlation times are presented in the following figures. Errors 
for the slow correlation times and order parameters are less than 10%. The order 
parameters show a linear dependence on 1/T. The slow correlation time displays an 
Arrhenius dependence with temperature.
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Temperature
Carbon Method 283 292.3 303 313 328 343
5 RL 0.34 0.28 0.23 0.17
5 MF 0.34 0.26 0.20 0.20 0.21
2 RL 0.42 0.33 0.29 0.14
2 MF 0.38 0.30 0.22 0.19
6/10 RL 0.33 0.28 0.23 0.17
6/10 MF 0.32 0.25 0.19 0.19
8 RL 0.41 0.37 0.31 0.25
8 MF 0.40 0.32 0.26 0.22
7/9 RL 0.35 0.24 0.23 0.19
7/9 MF 0.31 0.21 0.18 0.12
Table 5.8a Order parameters for dcm
Temperature
Carbon Method 283 292.3 303 313 328 343
5 RL 318.5 269.0 199.0 165.2
5 MF 753.1 625.4 468.0 326.4 205.1
2 RL 281.7 252.9 174.7 108.4
2 MF 737.3 581.2 462.7 354.0
6/10 RL 248.4 198.9 151.2 144.6
6/10 MF 615.8 460.7 342.2 236.2
8 RL 339.3 257.4 182.1 158.0
8 MF 883.2 666.5 480.7 354.0
7/9 RL 233.3 173.3 148.7 128.5
7/9 MF 609.1 507.6 342.0 285.4
Table 5.8b Slow correlation times for dcm
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Temperature
Carbon 283 292.3 303 313 328 343
5 35.3 38.5 30.2 14.5 2.0
2 49.5 50.7 40.5 27.0
6/10 35.7 34.4 26.1 12.6
8 35.8 43.2 37.1 0.4
7/9 35.8 44.3 31.0 25.9
Table 5.8c Fast correlation times for dcm
Calculated errors for the fast motion are large (~ 10-50%). There is a general 
trend for ne to increase as the temperature decreases, but with a reduction in xe at 283 K  
for all the carbons except carbons 6/10. While this has been seen before, it is difficult to 
explain this without further investigation, especially as the deviations are still within 
experimental error. The cyclohexyl ring carbons have fast correlation times o f  similar 
size. The acid backbone carbon has a longer correlation time.
Table 5.9 gives a set o f  data for dcm at 303K. As the calculated order 
parameters for this molecule were found to be unreliable they have not been included.
Carbon 5 2 6/10 8 7/9
Tc (303K) 468.0 462.7 342.2 480.7 342.0
_ A E „ ( x r) 20.3 20.3 23.4 22.3 18.6
I „  (303IQ 30.2 40.5 26.1 37.1 31.0
S2 (exp.) 0.20 0.22 0.19 0.26 0.18
Table 5.9 Compiled data for dcm
209
Average slow correlation time at 303 K  = 419 ±  80 ps 
Average activation energy for the slow correlation time = 20.95 kJ m o l1
Average S2 at 303 IC = 0.21 
Average activation energy for viscosity from ESR = 20.8 kJ m o l1 
Viscosity at 303 K  = 4.05 cP
2 1 0
5.1.2.4 Dicyclohexyl 2.3-dimethvlsuccinate
Figure 5.16 Dicyclohexyl 2,3-dimethylsuccinate
The contour plot o f  dc23dms shows it to be more rigid than dcs (section 2.3.2). 
As with dcm and dcfdc, the reduced Lorentzian model could be used to fit the data 
from 323 K. Below this temperature the "model-free" method had to be employed. The 
methyl carbons could not be fitted. When the data were plotted using Cricket Graph no 
polynomial could be found to fit the data. Tables 5.10a-c shows some calculated and 
experimental data.
500 MHz data 300 M Hz data
Carbon NOE Rate NOE Rate
exjL calc. exp. calc. exp. calc. exp. calc.
5 1.03 LOO 1.41 1.32 1.38 1.44 1.73 1.79
2/3 1.27 1.29 2.04 1.93 1.60 1.66 2.36 2.45
6/10 1.34 1.33 1.22 1.33 1.63 1.68 1.42 1.46
8 1.05 1.03 1.79 1.73 1.42 1.47 2.29 2.33
7/9 1.34 1.33 1.22 1.16 1.63 1.68 1.41 1.46
Table 5.10a NMR data for dc23dms at 323 K using the reduced Lorentzian model
* curve fitting up to a 5th order polynomial was tried.
2 1 1
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
5 0.60 0.45 1.96 2.08 0.74 0.79 3.21 3.13
2/3 0.47 0.28 2.63 2.73 0.55 0.47 4.64 4.58
6/10 0.61 0.41 2.00 2.15 0.68 0.72 3.37 3.27
8 0.49 0.28 2.00 2.10 0.49 0.46 3.59 3.53
7/9 0.60 0.41 2.00 2.12 0.67 0.72 3.30 3.22
Table 5.10b NMR data for dc23dms at 283 K using the reduced Lorentzian model
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
5 0.60 0.62 1.96 2.03 0.74 0.65 3.21 3.16
2/3 0.47 0.50 2.63 2.65 0.55 0.48 4.64 4.63
6/10 0.61 0.64 2.00 2.05 0.68 0.59 3.37 3.34
8 0.49 0.50 2.00 2.01 0.49 0.46 3.59 3.58
7/9 0.60 0.62 2.00 2.04 0.67 0.60 3.30 3.28
Table 5.10c NMR data for dc23dms at 283 K using the "model-free” method
As before the reduced Lorentzian can calculate rate data, at the lower 
temperatures, near experimental values. It is the NOE data that show that the model is 
incapable of fitting the data at the lower temperatures.
2 1 2
Temperature
Carbon Method 283 293 303 313 323 333
5 RL 0.33 0.27
5 MF 0.34 0.38 0.32 0.31 0.24 0.18
2/3 RL 0.54 0.48
2/3 MF 0.52 0.50 0.56 0.41 0.29 0.22
6/10 RL 0.20
6/10 MF 0.44 0.44 0.41 0.36 0.33 0.29
8 RL 0.43 0.43
8 MF 0.40 0.42 0.42 0.38 0.33 0.42
7/9 RL 0.33 0.30
7/9 MF 0.35 0.30 0.30 0.24 0.20 0.20
Table 5.11a Order parameters for dc23dms
Temperature
Carbon Method 283 293 303 313 323 333
5 RL 381.4 331.9
5 MF 1363.8 892.0 820.5 607.2 487.8 444.7
2/3 RL 275.9 214.2
2/3 MF 1809.2 922.3 620.8 502.7 409.9 327.5
6/10 RL 264.5 215.54
6/10 MF 1668.0 993.8 640.8 478.6 359.2
8 RL 368.5 264.7
8 MF 1944.2 1521.2 885.9 627.3 448.2 268.2
7/9 RL 264.2 209.4
7/9 MF 1540.3 1289.7 650.4 495.9 361.5 254.5
Table 5.11b Slow correlation times for dc23dms
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Temperature
Carbon 283 293 303 313 323 333
5 32.3 18.8 34.4 23.4 20.6 18.6
2/3 44.4 40.1 35.1 58.3 61.9 51.8
6/10 37.6 34.9 30.7 27.8 25.4
8 27.5 33.3 26.4 29.0 26.2 2.32
7/9 34.4 44.4 31.2 28.6 25.7 15.8
Table 5.11c Fast correlation times for dc23dms
Calculated errors for xc and S2 are approximately 10%. Errors for xe are higher 
(10 -50%), this is probably because the fast motion is not as well defined. Data at a 
higher radiofrequency are needed. The fast correlation times are somewhat erratic, and 
are all, roughly, o f  the same order o f  magnitude for the cyclohexyl lings. This is 
predicted as the carbons in the cyclohexyl lings would undergo similar motion. The fast 
motion o f  the carbons in the cyclohexyl rings are o f  a similar time to those for the 
carbons in the cyclohexyl rings o f  dcs. The motion for the carbons in the acid backbone 
are slower.
Table 5.12 gives a set o f  data for d23dms at 313 K. All data presented have 
been calculated using the "model-free’' method. Order parameters at 303 K  have been 
included for comparison with order parameters derived from molecular dynamics.
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Carbon 5 2/3 6/10 8 7/9
TPt (313K) 607.2 502.7 478.6 627.3 495.9
40.7 35.3 21.1 28.3 29.8
Te (313IC) 23.4 58.3 27.8 29.0 28.6
S2 exp. 
(313IC)
0.31 0.41 0.36 0.38 0.24
S2 exp. 
(303IC)
0.32 0.56 0.41 0.42 0.30
S2 calc. 
(300IC)
0.24 0.41 0.24 0.78/0.31 0.21
Table 5.12 Table of compiled data for dc23dms
Average slow correlation time at 313 K  = 542 ±  80 ps 
Average activation energy for the slow correlation time = 31.01 kJ mol-1 
Average S2 at 313 IC = 0.41 
Average activation energy for viscosity from ESR = 25.5 kJ mol-1 
Viscosity at 313 IC = 4.0 cP
The calculated order parameters are in quite good agreement with those found 
experimentally. Again experiment shows carbon 8 to have a higher order parameter 
than the other cyclohexyl ring carbons, this is consistent with results from the modelling 
work.
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5.1.2.5 Dicyclohexyl 2.2-dimethvlsuccinate (dc22dms)
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Figure 5.17 Dicyclohexyl 2,2-dimethylsuccinate
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Like dc23dms, the data for dc22dms could be fitted with a mixture o f  models. 
Above 303K the data could be fitted using the reduced Lorentzian model, and below 
the "model-free" method had to be used. As has been seen before at the lower 
temperatures, the NOE was the most obvious indicator that the reduced Lorentzian 
model could no longer fit the data, as calculated NOE’s were too low.
Calculated and experimental data are shown in tables 5.13a-c. Tables 5.14a-c
show the calculated order parameters and correlation times. There was a lot o f  trouble
*
in fitting the data for carbon 8. When plotted using Cricket graph no polynomial 
equation could be found to fit a curve to the data as the data points were too scattered. 
The methyl data could not be fitted either as no polynomial equation could be found to 
fit the data. The relaxation rates and NOE's are the other carbons were the same for 
both cyclohexyl rings.
* curve fitting up to a 5th order polynomial was tried.
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500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
5 1.36 1.36 1.14 1.08 1.66 1.70 1.30 1.35
3 1.42 1.44 1.61 1.58 1.75 1.74 1.90 1.93
6/10 1.51 1.50 0.96 0.95 1.74 1.77 1.12 1.13
7/9 1.50 1.50 0.94 0.91 1.76 1.78 1.07 1.09
Table 5.13a NMR data for dc22dms at 328 K using the reduced Lorentzian model
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
5 0.53 0.42 2.08 2.25 0.60 0.75 3.48 3.41
3 0.43 0.25 2.38 2.46 0.47 0.39 4.39 4.35
6/10 0.64 0.43 1.92 2.06 0.69 0.75 2.86 3.12
7/9 0.65 0.42 1.92 2.05 0.67 0.75 3.18 3.10
Table 5.13b NMR data for dc22dms at 283 K using the reduced Lorentzian model
Once again the reduced Lorentzian model can calculate rate data within 
experimental error. It is the NOE data that shows the weakness o f  the model.
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500 MHz data 300 M Hz data
Carbon NOE Rate NOE Rate
exn. calc. exp. calc. exp. calc. e^p. calc.
5 0.53 0.60 2.08 2.22 0.60 0.65 3.48 3.44
3 0.43 0.52 2.38 2.40 0.47 0.42 4.39 4.38
6/10 0.64 0.67 1.92 2.04 0.69 0.70 2.86 3.09
7/9 0.65 0.67 1.92 1.96 0.67 0.61 3.18 3.16
Table 5.13c N M R  data for dc22dms at 283 K  using the "m odel-free”  method
Temperature
Carbon Method 283 287.6 293.3 303 313 328
5 RL 0.41 0.38 0.31
5 MF 0.38 0.38 0.38 0.33 0.31 0.20
3 RL 0.60 0.54 0.48
3 MF 0.50 0.51 0.49 0.43 0.38 0.46
6/10 RL 0.33 0.30
6/10 MF 0.33 0.33 0.33 0.26 0.22 0.17
7/9 RL 0.33 0.29
7/9 MF 0.33 0.31 0.25 0.19 0.20
Table 5.14a Order parameters for dc22dms
There the a general trend for the order parameters for all the carbons to increase 
linearly, with a 1/T dependence, as the temperature decreases. There again seems to be 
a drop in the order parameter for some o f  the carbons at 283 K.
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Temperature
Carbon Method 283 287.6 293,3 303 313 328
5 RL 527.8 385.3 255.8
5 MF 1547.5 1319.6 957.3 659.3 444.8 331.7
3 RL 550.9 379.1 230.7
3 MF 2013.5 1812.4 1299.5 771,7 506.2 235.2
6/10 RL 333.1 213.4
6/10 MF 1672.9 1287.5 879.5 635.4 447.0 290.1
7/9 RL 325.8 212.5
7/9 MF 1656.8 894.0 672.4 487.9 256.1
Table 5.14b Slow correlation times for dc22dms
Calculated errors for S2 and tc are approximately 10%. There is an Arrhenius 
relationship between xc and temperature, and a linear dependence between S2 and 1/T.
Temperature
Carbon 283 287.6 293.3 303 313 328
5 29.6 34.9 30.3 24.4 16.4 20.9
3 32.9 46.0 49.1 62.6 50.9 4.09
6/10 37.4 35.6 29.2 30.5 23.9 21.7
7/9 37.0 29.3 34.8 30.2 14.5
Table 5.14c Fast correlation times for dc22dms
Calculated errors for the fast correlation time are between 10-30%. The fast 
correlation times for the cyclohexyl ring carbons are all of a similar length. The 
correlation time for the internal motion of carbon 3 is longer, but below 303 K, it 
decreases. While this is still with in experimental error it could be significant. This could
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be because the rotation about the centre of the molecule is hindered as the temperature 
is lowered. The molecular dynamics simulations show that at 300 K, the torsion angle 
about the centre of the molecule librates only slightly about a single angle. The torsion 
angle between the two C-H vectors and the C =0 bond is predominantly in one 
conformation, with a second conformation adopted less frequently. These torsion angle 
distributions indicate that there is only limited rotation at 300 K. From this point of 
view it is not inconceivable that an internal motion is removed as the temperature is 
lowered, thus leading to a reduced correlation time. The fast correlation times for the 
cyclohexyl ling carbons are all a similar length, but are slightly erratic. Again while the 
decreases in tc are still within experimental error, it is possible that these fluctuations are 
genuine, and that the internal motions of the cyclohexyl lings are influenced by changes 
in motion about the centre of the molecule.
Table 5.15 gives a set of data for dc22dms at 303 K. Data presented here have 
been calculated using the "model-free" method.
Carbon 5 3 6/10 7/9
V. (303K) 659.3 771.7 635.4 672.4
AEAW) 30.3 33.8 32.3 32.3
nr. (303K) 24.4 62.6 30.5 34.8
S2 (exp.) 0.33 0.43 0.26 0.25
S2 (calc.) 0.24 0.41 0.24 0.21
Figure 5.33 Table of compiled data for dc22dms
Average slow correlation time at 303 K = 685 + 80 ps 
Average activation energy for the slow correlation time = 32.18 kJ mol'1 
Average S2 at 303 K = 0.32 
Average activation energy for viscosity from ESR = 28.8 kJ m ol1 
Viscosity at 303 K  = 4.05 cP
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5.1.2.6 Dicyclohexyl methvlmalonate (dcmm)
Figure 5.18 Dicyclohexyl methylmalonate
As with dc22dms and dc23dms the methyl groups could not be fitted, and as 
before no one model could be used to fit the data over the whole temperature range. 
The reduced Lorentzian model had to be used for data above about 303 K, and the 
"model-free" method had to be used for data below that temperature. The "model-free" 
method could not be used for data above 313 K.
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
calc. exp. calc. exp. calc. exp. calc.
5 1.65 1.64 0.78 0.76 1.81 1.84 0.86 0.87
2 1.54 1.58 1.18 1.10 1.85 1.82 1.22 1.89
6/10 1.65 1.67 0.68 0.65 1.89 1.86 0.70 0.73
8 1.64 1.67 1.02 0.99 1.91 1.86 1.10 1.12
7/9 1.74 1.76 0.66 0.64 1.93 1.90 0.68 0.70
Table 5.16a NMR data for dcmm at 328 K using the reduced Lorentzian model
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500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
5 0.64 0.44 2.22 2.27 0.68 0.78 3.45 3.42
2 0.62 0.41 3.03 3.06 0.62 0.72 4.70 4.67
6/10 0.70 0.49 2.17 2.29 0.77 0.86 3.48 3.40
8 0.53 0.28 2.27 2.41 0.56 0.47 4.11 4.02
7/9 0.71 0.48 2.17 2.32 0.75 0.84 3.56 3.46
Table 5.15b NMR data for dcmm at 273 K using the reduced Lorentzian model
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
5 0.64 0.64 2.22 2.23 0.68 0.67 3.45 3.44
2 0.62 0.61 3.03 3.02 0.62 0.65 4.70 4.70
6/10 0.70 0.73 2.17 2.22 0.77 0.68 3.48 3.45
8 0.53 0.56 2.27 2.30 0.56 0.48 4.11 4.10
7/9 0.71 0.75 2.17 2.22 0.75 0.66 3.56 3.53
Table 5.16c NMR data for dcmm at 273 K  using the "model-free" method
As before the reduced Lorentzian can calculate rate data at the lower 
temperatures near experimental values. It is the NOE data that show that the model is 
unable to fit the data.
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X emp er citur e
Carbon Method 273 283 293 303 313 328
5 RL 0.34 0.30 0.27
5 MF 0.37 0.33 0.30 0.26 0.24
2 RL 0.48 0.37
2 MF 0.51 0.39 0.44 0.28 0.24
6/10 RL 0.28 0.24
6/10 MF 0.35 0.33 0.27 0.24
8 RL 0.42 0.37
8 MF 0.45 0.39 0.35 0.32 0.28
7/9 RL 0.31 0.27
7/9 MF 0.35 0.30 0.25 0.13 0.20
Table 5.17a Order parameters for dcmm
Temperature
Carbon Method 273 283 293 303 313 328
5 RL 295.2
5 MF 818.7 602.0 452.9 345.6 262.3 171.3
2 RL 221.1 187.8
2 MF 1359.3 1749.7 576.9 453.0 319.7
6/10 RL 215.9 161.2
6/10 MF 1518.2 725.56 513.4 338.2
8 RL 241.1 161.0
8 MF 2068.4 1477.8 694.7 449.1 300.8
7/9 RL 195.3 133.5
7/9 MF 1709.9 899.1 544.4 493.5 240.7
Table 5.17b Slow correlation times for dcmm
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Calculated errors for the slow correlation times are small (<10%). Errors for the 
calculated order parameters range between 10-15%. An Arrhenius relationship is seen 
between xc and temperature; and a linear dependence of S2 with 1/T. The larger order 
parameter expected for carbon 2 over the cyclohexyl carbons is only seen at the lowest 
temperature, or when the reduced Lorentzian model has been used to calculate the data.
Temperature
Carbon 273 283 293 303 313 328
5 39.5 40.7 28.5 18.6 10.7
2 67.1 113.3 64.0 73.9 49.0
6/10 49.5 34.1 32.3 16.5
8 42.9 55.1 37.7 26.2 28.6
7/9 53.0 47.3 36.6 43.8 17.2
Table 5.17c Fast correlation times for dcmm
Calculated errors for the fast correlation times are large, and range between 20 - 
60% of the value calculated. As with the other molecules already discussed, 
interpretation of any internal motion is made difficult with such large errors on the 
calculated fast correlation time. One thing that can be seen is that again the cyclohexyl 
ring carbons all have correlation times of approximately the same size. The acid 
backbone carbon has a correlation time much longer than them. It is also longer than 
the acid backbone carbon of dcm. This is probably because of the methyl group 
attached.
Table 5.18 gives a set of data for dcmm at 303K. All the data presented have 
been calculated using the ’'model-free" method. Calculated order parameters have not 
been included as they are unreliable.
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Carbon 5 2 6/10 8 7/9
Tn (303K) 345.6 453.0 338.2 449.1 493.5
AE. (x,) 21.0 25.4 33.5 36.7 34.5
TP. (303K) 18.6 73.9 16.5 26.2 43.8
S2 exp. 
(303 K)
0.26 0.28 0.24 0.42 0.36
Table 5.18 Table of compiled data for dcmm
Average slow correlation time at 303 K = 416 ±  70 ps 
Average activation energy for the slow correlation time = 30.2 kJ mol"1 
Average S2 at 303 K = 0.31 
Gradient for viscosity from ESR = 27.6 kJ mol-1
Viscosity at 303 K= 4.21 cP
5.1.2.7 Di-4-methvlcyclohexyl succinate fd4mcs)
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Figure 5.19 Di-4-methylcyclohexyl succinate
As before a mixture of models had to be used to fit the data over the range of 
temperatures used. Results are presented in the following tables. Only carbons in the 
cyclohexyl lings of the trans conformation could be used. The peaks for some of the cis 
carbons in the cyclohexyl lings and die acid backbone carbons for both conformations 
were coincident, thus measuring NOE’s and rates was impossible. The methyl carbons 
could not be fitted.
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
5 1.32 1.38 0.62 0.57 1.80 1.71 0.68 0.71
6/10 1.62 1.65 0.40 0.40 1.92 1.85 0.46 0.46
8 1.57 1.60 0.29 0.28 1.90 1.83 0.37 0.32
7/9 1.59 1.63 0.42 0.41 1.93 1.84 0.46 0.47
Table 5.19a NMR data for d4mcs at 363 K using the reduced Lorentzian model
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500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
5 0.94 0.84 1.52 1.48 1.19 1.30 2.04 2.07
6/10 1.30 1.19 1.19 1.17 1.43 1.59 1.52 1.53
8 0.99 0.89 0.81 0.73 1.23 1.35 0.96 1.02
7/9 1.20 1.12 1.22 1.17 1.42 1.54 1.52 1.55
Table 5.19b NMR data for d4incs at 313 K  using the reduced Lorentzian model
Once again the reduced Lorentzian model can calculate rate data within 
experimental error. It is the NOE data that shows the weakness o f  the model.
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
5 0.94 0.94 1.52 1.52 1.19 1.19 2.04 2.04
6/10 1.30 1.29 1.19 1.22 1.43 1.43 1.52 1.50
8 0.99 1.00 0.81 0.76 1.23 1.23 0.96 LOO
7/9 1.20 1.20 1.22 1.21 1.42 1.42 1.52 1.53
Table 5.19c NMR data for d4mcs at 313 K  using the "model-free” method
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Temperature
Carbon Method 313 323 333 343 353 363
5 RL 0.26 0.22 0.18 0.18
5 MF 0.25 0.21 0.17
6/10 RL 0.22 0.20 0.17 0.16
6/10 MF 0.14 0.11 0.07 0.13
8 RL 0.13 0.11 0.10 0.10
8 MF 0.12 0.10 0.08 0.06
7/9 RL 0.21 0.19 0.16 0.15
7/9 MF 0.17 0.14 0.11 0.11
Table 5.20a Order parameters for d4mcs
There was a general trend for the order parameters for all the carbons to increase 
linearly, with a 1/T dependence, as the temperature decreases. There is an Arrhenius 
relationship between ue and temperature.
Temperature
Carbon Method 313 323 333 343 353 363
5 RL 328.0 305.8 289.8 248.5
5 MF 629.9 512.9 439.6
6/10 RL 229.7 204.6 177.1 167.2
6/10 MF 593.5 485.7 457.8 257.8
8 RL 301.6 256.43 206.8 181.3
8 MF 626.3 466.9 423.0 371.8
7/9 RL 240.5 210.0 188.4 173.0
7/9 MF 529.2 408.1 348.6 281.2
Table 5.20 b Slow correlation times for d4mcs
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Calculated errors for xc and the order parameters are about 10%. There is an 
Arrhenius relationship between tc and temperature.
T emperature
Carbon 313 323 333 343 353 363
5 25.8 19.4 18.1
6/10 36.1 28.3 24.3 10.6
8 12.4 9.5 8.6 8.2
7/9 29.0 20.9 16.7 12.2
Table 5.20c Fast correlation times for d4mcs
Calculated errors for xe are about 10-25%. The fast correlation times for 
carbons 5, 7/9 and 6/10 are all of a similar size. The correlation time for carbon 8 is 
significantly less, and this is probably because it is attached to a methyl group.
Table 5.21 gives a set of data for dcm at 313 K. Data here has been calculated 
using the "model-free" method.
Carbon 5 6/10 8 7/9
V. (313IC) 529.2 626.3 593.5 629.9
AE .(1*0 16.9 17.1 18.4
(313K) 25.8 36.1 12.4 29.0
S2exp.(313K) 0.25 0.14 0.12 0.17
S2 exp. (353K) 0.18 0.17 0.10 0.16
S2calc.(350K) 0.30 0.30 0.29 0.31
Figure 5.41 Table of compiled data for d4mcs
* There were not enough data points to calculate an activation energy for carbon 5. 
Calculated order parameters are rather high.
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Average slow correlation time at 313 K = 595 ±  70 ps 
Average activation energy for the slow correlation time = 17.5 kJ mol-1 
Average S2 at 313 K = 0.17 
Average activation energy for viscosity from ESR = 21.9 kJ m ol1 
Viscosity at 313 K = 4.02 cP
The average order parameter for the cyclohexyl carbons is very similar to that
for dcs at 308 K. Carbon 8 has a reduced order parameter compared to the other
of
carbons in the ring, this is probably because the methyl group. It should also be noted 
that the proton is in the axial position, and from the calculated order parameters it has 
been seen that, for carbon 8, the axial bond has a lower order parameter. The rigidity of 
d4mcs appears to be the same as dcs, this is in agreement with the conformational plots 
(section 2.3.1).
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5.1.2.8 Tricvclohexvl 1.2.3-propanetiicarboxylate (tcptc)
10 9\ \
Ringb 8
Figure 5.20 Tricyclohexyl 1,2,3-propanetricarboxylate
This is believed to be the most rigid of all the molecules studied (section 2.3.1). 
With the exception of carbon 2, the "model-free" method could be used to lit the data 
over the whole range of temperatures measured. The data for carbon 2 could be fitted 
using the "model-free" method up to 338 K. The reduced Lorentzian model could only 
fit the data at the highest temperatures. At the lower temperatures tcptc is highly 
viscous.
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. m calc. exp. calc. exp. calc.
2 0.82 0.89 3.14 2.91 1.30 1.35 3.86 4.03
1/3 1.01 1.05 2.37 2.12 1.40 1.49 2.67 2.85
5 0.93 0.94 1.59 1.33 1.33 1.39 1.64 1.83
6/10 1.10 1.13 1.16 1.24 1.46 1.55 1.37 1.64
8 0.88 0.87 1.92 1.78 1.28 1.33 2.38 2.48
7/9 1.09 1.09 1.20 1.11 1.48 1.51 1.41 1.48
Table 5.22a NMR data for tcptc at 368 K using the reduced Lorentzian model
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500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
2 0.41 0.23 2.22 2.91 0.41 0.35 4.22 4.03
1/3 0.42 0.28 2.34 2.38 0.45 0.46 4.00 3.98
5 0.54 0.34 1.66 1.74 0.55 0.60 2.88 2.75
6/10 0.55 0.37 1.65 1.77 0.59 0.62 2.84 2.76
8 0.48 0.29 1.62 1.71 0.48 0.49 2.87 2.82
7/9 0.55 0.38 1.67 1.78 0.59 0.63 2.86 2.78
Table 5.22b NM R data for tcptc at 318 K  using the reduced Lorentzian model
Once again the reduced Lorentzian model can calculate rate data within 
experimental error. It is the NOE data that shows the weakness of the model.
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
2 0.41 0.42 2.22 2.23 0.41 0.39 4.22 4.22
1/3 0.42 0.41 2.34 2.33 0.45 0.47 4.00 4.00
5 0.54 0.55 1.66 1.67 0.55 0.53 2.88 2.79
6/10 0.55 0.57 1.65 1.68 0.59 0.54 2.84 2.82
8 0.48 0.49 1.62 1.63 0.48 0.46 2.87 2.87
7/9 0.55 0.57 1.67 1.70 0.59 0.54 2.86 2.84
Table 5.22c NM R data for tcptc at 318 K using the " model-free" method
Data at 300 MHz and the 500 MHz rate data can be fitted using the reduced 
Lorentzian model at the lower temperatures. It is the 500 MHz NOE data that shows
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there is a fast motion present, which can be observed at 500 MHz. Data at 600 MHz or 
750 MHz would define this motion better. The following figures present order 
parameters and correlation times calculated.
Temperature
Carbon Method 318 328 338 348 358 368
2 RL 0.73 0.71 0.69
2 MF 0.50 0.61 0.63
1/3 RL 0.60 0.54
1/3 MF 0.47 0.51 0.51 0.49 0.51 0.31
5 RL 0.32
5 MF 0.31 0.33 0.33 0.30 0.24 0.23
6/10 RL 0.32
6/10 MF 0.31 0.30 0.29 0.27 0.22 0.17
8 RL 0.43 0.42
8 MF 0.32 0.37 0.37 0.38 0.36 0.33
7/9 RL 0.31 0.28
7/9 MF 0.31 0.30 0.30 0.27 0.23 0.22
Table 5.23a Order parameters for tcptc
The a general trend for the order parameters for all the carbons to increase 
linearly, with a 1/T dependence, as the temperature decreases. At the lowest 
temperature some of the carbons have a reduced order parameter. While these 
deviations are still within experimental error, they have been seen in other molecules, 
and so might be significant.
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Temperature
Carbon Method 318 328 338 348 358 368
2 RL 750.5 532.9 428.9
2 RIF 2178.4 1961.0 1835.0
1/3 RL 453.6 360.5
1/3 MF 1599.8 1264.3 1034.3 742.2 527.7 558.3
5 RL 407.6
5 MF 1651.0 1119.0 944.5 807.6 720.2 549.8
6/10 RL 329.0
6/10 MF 1706.1 1341.1 933.5 657.9 565.1 550.0
8 RL 550.6 438.8
8 MF 1852.1 1704.9 1555.5 961.7 676.7 541.5
7/9 RL 417.1 346.9
7/9 MF 1677.4 1284.5 902.0 657.4 546.4 412.4
Table 5.23b Slow correlation times for tcptc
Calculated errors for Tc and the order parameters are about 10%. There is an 
Arrhenius relationship between tc and temperature.
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Temperature
Carbon 318 328 338 348 358 368
2 26.9 51.7 82.3
1/3 21.9 34.3 46.3 46.3 36.8 64.4
5 21.3 21.3 23.5 26.0 27.7 23.4
6/10 23.3 31.0 29.3 24.0 21.7 34.1
8 18.0 26.6 31.5 26.9 23.9 25.8
7/9 23.4 29.4 26.5 22.2 20.3 13.2
Table 5.23c Fast correlation times for tcptc
The fast correlation times for both the cyclohexyl and acid backbone carbons all 
decrease as the temperature is lowered. This strange behaviour is mimicked by the 
order parameters which also show a reduction at the lowest temperatures. With the 
calculated errors for the order parameters and xe being high, 5-15% and 10-50%  
respectively, it is difficult to be sure that this behaviour is genuine. However it has been 
seen for other molecules studied here. It is possible that as the fluid is cooled, the 
behaviour of the fluid affects Te or i c, which in turn would affect the order parameters. 
However there is not enough data available to be sure what is the cause. All the 
cyclohexyl carbons have fast correlation times of similar size, as is expected. The 
correlation time for the acid backbone carbons are significantly larger.
Table 5.24 gives a set of data for dcm at 348 K. All the data presented here 
have been calculated using the "model-free" approach, with the exception of carbon 2 
for which the reduced Lorentzian model was used.
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Carbon 2 1/3 5 6/10 8 7/9
V  (348K) 750.5 742.2 807.6 657.7 961.7 657.4
AEa (Tc) * 25.9 19.5 27.7 36.5 27.5
(348K) 46.3 26.0 24.0 26.9 22.2
S2 exp. 
(348K)
0.73 0.49 0.30 0.27 0.37 0.30
S2 calc. 
(350K)
0.28 0.28 0.78/0.26 0.25
Table 5.24 Compiled data for tcptc
* There are not enough data points to calculate an activation energy
Average slow correlation time at 348 IC = 727 ±  80 ps 
Average activation energy for the slow correlation time = 27.4 lcJ m ol1 
Average S2 at 348 K = 0.41 
Average activation energy for viscosity from ESR = 29.8 kJ mol'1 
Viscosity at 348K = 3.93 cP
y consistent
The large average order parameter calculated is with the modelling
work done showing tcptc to be the most rigid of the molecules studied. The average 
overall correlation time is much larger than any of the other molecules, which is a 
reflection on the size of the molecule.
There is good agreement between the calculated and experimental order 
parameters. Order parameters for carbons 1-3 were not reliable and so are not included.
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5.1.2.8 Dicyclohexyl dimethvlmalonate ( dcdmm)
Figure 5.21 Dicyclohexyl dimethylmalonate
With the two methyl groups on the acid backbone, the rigidity of the molecule 
should be increased from dcm and dcmm. This is consistent with the conformational 
plots (section 2.3.1). The "model-free" method could be used to fit the data over the 
whole range of temperatures. The reduced Lorentzian model could only be used above 
303 K. Tables 5.25a-c show experimental and calculated data. Tables 5.26a-c show 
calculated order parameters and correlation times.
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
5 1.32 1.36 1.28 1.14 1.70 1.70 1.31 1.42
6/10 1.45 1.50 1.09 0.98 1.80 1.77 1.09 1.18
8 1.36 1.24 1.52 1.91 1.73 1.65 2.76 2.46
7/9 1.48 1.51 1.06 0.98 1.78 1.78 1.10 1.17
Table 5.25a NMR data for dcdmm at 313 K using the reduced Lorentzian model
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500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
5 0.58 0.43 2.44 2.36 0.63 0.75 3.52 3.57
6/10 0.68 0.45 2.17 2.28 0.71 0.80 3.49 3.42
8 0.55 0.27 2.27 2.41 0.55 0.43 4.21 4.13
7/9 0.66 0.45 2.17 2.27 0.72 0.80 3.48 3.41
Table 5.25b NMR data for dcdmm at 273 K  using the reduced Lorentzian model
500 MHz data 300 MHz data
Carbon NOE Rate NOE Rate
exp. calc. exp. calc. exp. calc. exp. calc.
5 0.58 0.58 2.44 2.36 0.63 0.70 3.52 3.57
6/10 0.68 0.70 2.17 2.20 0.71 0.74 3.49 3.29
8 0.55 0.58 2.27 2.29 0.55 0.47 4.21 4.20
7/9 0.66 0.68 2.17 2.21 0.72 0.66 3.48 3.46
Table 5.25c NM R data for dcdmm at 273 K  using the "model-free" method
The order parameters show a linear dependence with 1/T, and t c shows an 
Arrhenius relationship with temperature. Calculated errors for t c and S2 were between 
10-15%.
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Temperature
Carbon Method 273 278 283 293 303 313
5 RL 0.38 0.33
5 MF 0.41 0.39 0.36 0.29 0.25 0.25
6/10 RL 0.36 0.31
6/10 MF 0.36 0.32 0.32 0.28 0.31
8 RL 0.44 0.52
8 MF 0.47 0.45 0.39 0.36 0.35
7/9 RL 0.37 0.31
7/9 MF 0.36 0.32 0.31 0.28 0.30 0.24
Table 5.26a Order parameters for dcdmm
Temperature
Carbon Method 273 278 283 293 303 313
5 RL 313.4 253.4
5 MF 1117.5 1060.6 896.1 610.0 418.0 299.4
6/10 RL 253.9 213.7
6/10 MF 1559.1 1507.3 796.2 463.3 277.0
8 RL 334.4 291.8
8 MF 2299.7 1973.4 1250.8 642.3 389.8
7/9 RL 254.2 210.8
7/9 MF 1485.0 1442.1 790.4 463.1 285.1 239.8
Table 5.26b Slow correlation times for dcdmm
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Temperature
Carbon 273 278 283 293 303 313
5 31.9 38.5 38.7 36.9 29.1 16.2
6/10 46.5 54.1 43.5 33.4 10.7
8 48.3 52.2 47.9 39.9 22.5
7/9 44.1 52.6 42.1 33.3 13.9 11.8
Table 5.26c Fast correlation times for dcdmm
A table of compiled data is given below. Calculated order parameters are not 
included as they are not reliable. All data presented in this table has been calculated 
using the "model-free" method.
Carbon 5 6/10 8 7/9
Tr (303K) 418.0 277.0 389.8 285.1
AE* (ty) 27.0 39.2 42.3 35.4
Up (303K) 29.1 10.7 22.5 13.9
S2 (exp.) 0.25 0.31 0.35 0.30
Table 5.27 Compiled data for dcdmm
Average slow correlation time at 303 K  = 342 + 70 ps 
Average activation energy for the slow correlation time = 36.0 kJ mok1 
Average S2 at 303 K = 0.30 
Average activation energy for viscosity from ESR = 25.2 kJ mol'1 
Viscosity at 348K = 4.19 cP
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From the NMR work done on the fluids studied it is apparent that data at 300 
MHz and 500 MHz are not sufficient to follow the motions of these molecules and that 
measurements should be made at 600 MHz and/or 750 MHz. Fitting the data using 
either an individual or simultaneous fit was not possible for any of the molecules. The 
only method available to fit the data was a single temperature fit. There are a lot of 
problems associated with this method. The ratio of data points to unknown parameters 
is not favourable. Generally there is a ratio of four data points to three unknown 
parameters. This leads to large errors in calculated data. This in turn makes 
interpretation of results difficult.
The reason why the experimental data could not be fitted over a range of 
temperatures seems to be because of the presence of a fast internal motion. This motion 
seemed to be evident at 500 MHz at low temperatures. It was not well defined enough 
over the range of frequency and temperature data to be fitted using the "model-free" 
method. Its presence however meant that the reduced Lorentzian model is not capable 
of fitting the data. As was seen the reduced Lorentzian model could fit the high 
temperature data, and frequently the low temperature data at 300 MHz. This could 
indicate that the spectral density for these data was not affected by this fast motion. To 
be able to fit the NMR data over a range of temperatures and frequencies the internal 
motion needs to be better defined, and this is done by obtaining data at a higher 
frequency (600 MHz and/or 750 MHz).
However, even with all the problems in fitting the data, the results obtained are 
still able to provide some important insight into the relative rigidities of the molecules 
studied. As expected dcfdc and tcptc are the most rigid. With their high viscosities they 
should make good traction fluids. Some engineering data is needed to confirm this.
5 .2  D is c u s s io n
5.2.1 NMR Results
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5.2.1.1 Compiled Results
Fluid Temp/
K
kc
/ps
/kJ m ol1
S -^acid
backbone
S—ring 
average
31
/cP
AE*(ii) 
/kJ mol1
dcs 308 607
± 8 0
21.5 0.44 0.21 4.01 20.5
dc23dms 313 542 
±  80
31.0 0.56 0.36 4.0 25.5
dc22dms 303 685
± 8 0
32.2 0.41 0.23 4.05 28.8
d4incs 313 595
± 7 0
17.5 0.17 4.02 21.9
dcfdc 347 370
±60
38.4 0.80 0.27 4.0 39.4
tcptc 348 727 
±  80
27.4 0.57 0.30 3.93 29.8
dcm 303 419
±80
21.0 0.22 0.20 4.05 21.0
dcmm 303 416
± 7 0
30.2 0.28 0.31 4.21 27.6
dcdmm 303 342
± 7 0
36.0 0.30 4.19 25.2
There is good agreement between the activation energies for the slow 
correlation time and viscosity. From the table it can be seen that the three most rigid 
molecules are tcptc, dcfdc and dc23dms. The order parameters are higher for dc23dms
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than dc22dms, this is in agreement with the ESR work done (section 3.1.3). For the 
malonates there is a general trend for the rigidity of the molecule to increase with 
increasing number of substituent methyl groups. This is consistent with the 
conformation plots, and molecular dynamics work.
5.2.2 Molecular modelling work
This work provided some valuable complementaiy information to the NMR 
results. The order parameters calculated, where no overall motion affected the data, 
were in good agreement with experiment. These types of calculations allow a better 
prediction of molecular rigidity than the conformational plots. Extra work is needed on 
the smaller molecules and the methyl groups.
5.2.3 ESR work
The ESR work also provided some excellent complementaiy information. This 
method of measuring the viscosities has benefits over conventional methods. Not least 
of all that only a small amount of fluid is needed in the experiment.
The ESR work with the dead radical not only gave a good comparison of the 
overall correlation time, but also showed clearly that the molecule was rotating 
isotropically. This is veiy important information. The "model-free" method cannot be 
used for anisotropiclly rotating molecules, and so the ESR work was able to eliminate 
this as a problem.
Some future work involving ESR spectroscopy would be to synthesise the 
cyclohexyl-like compound with Tempol (a spin probe, with an alcoholic function 
group), see Fig. 5.22. These biradicals would present the opportunity of studying the 
molecular motions of the fluids as was dead here. They could also be used to study the 
internal conformations of the molecule as the distance between each Tempol group in 
the molecule can be monitored.
Figure 5.22 Biradical ester fluid
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A p p e n d i c e s
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A p p e n d ix  1
X-rav crystal data
1) d2mcs
Formula 0 40 1 sKfi
Molecular weight (g) 310.44
Ciystal system Triclinic
Space group Pl
a (A) 7.688 (2)
b (A ) 11.157 (4)
c(A) 11.298 (10)
volume (A3) 900.1 (1.9)
Z 2
p (g cm-3) calc. 1.145
\x (mo K a) 0.74
X(A) 0.71073
F (000) 340
Table 1 Physical properties and parameters for data collection and refinement for 
d2incs
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Table o f Positional Parameters and Their Standard Deviations
Atom X Y Z B(A2)
0:1. 0 , 7182< 2 ) 0 , 3799 ( 1 > 0 , 3307 (:! • 4 , 4 7 < 3 >
0 :i. :i. 0 ,6017(3 ) 0,3044(2) 0 ,4806(2) , 25 ( 4 )
C1 0 , 7 97 7(3) 0,2748(2 ) 0,2958<2) 3 , 6 6 (4 -
o ? 0 ,7503(3 ) 0 , 2 2 2 1 ( 2 ) 0 ,1580(2 > 3 , 79 ( 4 )
03 0,8453 <3) 0 ,1195(2) 0 ,1169(2) 4 , 8 6( 6  >
04 1 , 0 4 7 4 ( 3 > 0,1657(8) 0,1605(3) 5 ,82 (6  )
05 1,0888(4 ) 0,2190(3) 0,2975(3 > 6 , :l. ii) (7)
0 6 0,9991 < 3) 0,3242(2) 0,3392(2) 5,08 <6 )
0 7 0 ,5468 (4 ) 0 ,1700(2) 0 , 117.1. ( 3 ) 5,30'. 6 )
08 0,6237 < 8 ) 0,3830(2 ) 0 ,4234(2) 3 ,75(4  )
C 9 0* 3491 <3.) 0,4950(2 ) 0 ,4455(2)  ' 3 ,76 (4 )
02 0,6940(2) 0,3218(  1 > 0 , 8763( 1 > 4 ,50(3  >
0 2 :1. 0 ,6904(3 ) 0 ,5062(2) 0,8325(2) 5 ,73(4  )
C1 t 0 , 7975(3) 0,2905(2 > 0,7767(2) 3 ,77(4 )
C ;t. 3 0 ,7 325(3 > 0,1462(2 ) 0 ,7263(2) 4 ,12 ( 5 >
o | ?; 0,84 46 (4 ) 0,1086(2) 0 ,626?(2) 5 , 12 ( 6 )
C14 1 ,0469(4 ) 0 ,1587(3) 0,670 7(3) 6 , 1 2 ( 7 >
C :l. 5 1,1062(4) 0,3022(3) 0 ,7233(3) 3 ,82 (7  >
0 16 o 9 9 7 2 ( 4 ) 0 , 3 4 :L 6 ( 3 )
o■cj-o 5 , 01 ( 6 )
C1 7 0 5 3 0 7 < 4 > 0 , 0 9 6 3 ( 3 ) 0 ,6781(3) 5 ,72(7  )
018 0 , 6472(3) 0 ,4294(2 ) 0 ,8921(2) 3 , 6 6 (4)
.Cl V 0 ,5 326(3 ) 0 , 4 4 I 9 ( 2 ) 0 , 9926(2) 4 ,0 3(5)
H1 0,7488 0 ,2043 0,3351 4
H 2 0 , 7 9 4 0 0 ,294 7 0,1195 4#
I-l 3 A 0 , 8222 0 , 0924 0,0246 4 *
I-l 3 B 0 , 7 8 8 3 0 ,0446 0,1493 41
H 4 A 1 , 1053 0 , 2334 . 0 , 1 1 9 4 4
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!■! 9.0 •'» . .A 4 9 3
M11  0,?730
HI2 0 , ••'521
H :i. 3 o o , 8 :i. 4 8
HOB 0 , BO72
II14 0 1*1108
H:l 4!•:: i <073:1.
HI. 30 1 ,0879
H j. 3 }: ;|. , 2398
H160 1,-032:1.
HI 68 1,0260
HI 70 0,438 4
HI 7 8 0,5041.
■HI 70 0,49 37
HI 9A 0,6057
HI 9B 0,4 2 36
I j 4 B 1 ,0979
1-150 1 ,2239
H 5 B 1 , 0 4 2 6
H 6 A 1 , 0 5 3 6
H6B 1,0207
I i 7 A 0,4868
H7 B 0 , 5 2 1 7
H70 0,4949
Atom X
H 9 0 0 ,. 4 5 8 5
,5751 0,4574 46
,3312 0,71 03 4 >k
,1066 0,7964 At
, 14 3 6 0 , 5 5 6 B A 6
,0117 0,5986 At
,1339 0,6002 At
,1.155 0,7365 46
,3458 0,656-1 At
,3321 0,7581 4*
,4375 0,8536 4*
,3056 0,8949 At
,1213 0,7438 At
,1326 0,6074 At
,0003 0,6477 4*
,4472 1,0716 4*
,3641 0,9725 At
,0906 0,1359 At
,2557 (0,3225 4*
,1482 0,3383 46
,3982 0,3056 46
,3526 0,4316 46
,2387 .0,1444 46
,1398 0,0242 46
,0956 0,1514 46
Y Z B(A2)
, 4 8 3 9  0 , 3 7 1 5  46
0
0
()
0
o
o
o
0
0
0
0
0
o
0
0
0
0
0
0
0
0
0
0
0
o
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Table o f Bond Distances in  Angstroms
A t o m l A t o m 2 D i s t a n c e A t o m l A t o m 2 D i s t a n c e
o  :l. c :!. .1. i- 4  5  3  (  3  ) 0 2 C 1 8 1  * 3 2 1 ( 3 )
0  1 c a :i ,  3 2 0  < 3  ) 0 2 1 C  1 8 1 * 2 0 2 ( 3 )
0  :i i C  8 1  ,  X  8  8  C 3  > C 1 1 C 1 2 1  * 5 0 9 ( 3 )
C 1 C 2 :i ,  S ; ! . 1  (  3  ) C  :f. i C I A 1 * 4 9 6 ( 3 )
C  1 C A !. .  4  9 9  (  3  ) c  l  :i H  .1 . 1 0  *  9 8 6 ( 2 )
C :!. H  :L 0  ,  9  9  3  < 2  ) C 1 2 C  :l. 3 1 * 5 2 1 ( 4  )
r* *;>X.. C  3 1  v S 2 1 ( 4  i C 1 2 c  :i. 7 1  *  5 1 2 ( 3 )
0 2 C  7 1  ,  5 1 . 1 .  (  3  ) C 1 2 H  :i. 2 l  *  o  i  :i. ( 2 )
C 2 H  2 0  *  9  9  9  (  2  >
C 1 3 C 1  4 :!. ... 5  0  7  C 4  )
C, 3 0  4 1 , 5 0 5 ( 3 )
C 1 3 H I  3  A 0  * 9 9 3 ( 3 >
C  3 H S A 1 * 0 0 5 < 2 )
c :!. 3 H 1  3  B 1  * 0 0 9 ( 2 )
C  3 H  3  B 0  ,  9  9  7  (  3  )
C 1 4 C 1  s :i. * s  o  4  (  a  )
C S  
H  4  A
■ C l  4 H 1.  4  A 0 * 9 9 3 ( 8 )p  /A
C  4
1 «■ S  0 1  (  4  )  
1  * 0  0  0  < 8  )
C 1  4 H  1  4  B :i * 0 1 2  ■: 3  >
C  4
o  s
H  4  >.{ 
1 ' /\
:! <• 0  0  S  < 3  )
•i i"; t c:> .--i ■,
C 1 5  
C 1 5
C 1  A  
H I  5  A
1  * 5 1  9  (  4  > 
1  V 0 0 7 ( 3 )
0 3 H S A
* • .> i. ?..> \ -1 ■
;|. t 0  0  9  f  3  )
C I S H I  S B .1. * 0 0 8  (  3  )
c s M S B 1 *  0  0  3  (  3  >
C 1 A H 1 6  A 1  * 0  0  0  < 3  )
C  6 H A  A 0  » 9 9 3 < j 5 ) C l  6 H 1  6 B 1. * 0 0 9  (  3  )
C A H  6  B 1  *  0 0 6 ( 3 ) C 1  7 H I  7  A 0 * 9 9 6 ( 3 /
c ? H 7 A 0  * 9 9 8 ( 3 ) C l  7 H 1 7 B 1  * 0  0  5 ( 3 )
C  7 H 7 B 1  <■ 0 1 2  (  3  ) c  :f. 7 H 1  7  C 1  * 0 0  7 ( 3 >
C  7 H 7 C 0  * 9  9  7  < 3  ) C 1 8 C 1  9 .1 * 4  9  6  (  3  )
C 8 0  9 1 * 4 8 7 <  3  > C 1 9 C  :l. 9 1  <■ 4  9  0  (  3  j
C  7 C  9 1  * 4  9 3 ( 3 ) 0  1 9 H I  9 A 0  * 9 9 8 ( 2 )
C ? H 9 A 1 * 0 0 7 ( 2  ) C  :f. 9 H 1 9 B 1  0  0  0  < 2  >
C  9  
0 2
H 9 B  
C  1 1
0 * 9 8 9 ( 2 )  
1 * 4 6 0 ( 3 )
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Atom 1 Atom2 Atoin3 Angle
C J. 0 X CO 1 J. 8 ,6 (2 )
01 Cl C8 107,5(2)
0 1  C l  C 6  1 0 8  -  0 ( 2 )
01 Cl l-U 1 12, J (2)
c 2 r :i o * -| 3 , 2 < 2 ?
C 2 Cl. HI 108,6(2)
C 6 C J  H J ! 0 6 , 7 (  2 >
C.I C2 C-8 108.8 (2)
C.l C 2 C 7 112,1(2)
Cl 02 H2 107,9(2)
C 3 C 2 C 7 J. 11 , 4 ( 2 )
C3 C2 H 9 110,3 (2)
C 7 C 2 i-l 2 106,3(2)
0 2  C 3  0 4  1 1 3 , 1 ( 2 )
C 2  C 3  H 3 A  1 0 7 , 3 ( 2 )
C 2  C  3  H  3 0  :l 0 7 , 9 ( 2 )
C  4  C  3  i-l 3  A  1 0 9 , 5 ( 2 )
C  4  0  I-l 3  Vi 1  0  9  ,  7  ( 8  )
H  3  A  C 8  i I 3 B  1 0 9 > 3 ( 2 )
C  3  C 4 i ) 5  1  t 1. ,  4 ( 2  .!
C 3 I •■i i-14 f\ i :> v ( o <
C  3  C  4  H  8  : I 0  8 , 2 ( ? >
C  5  0  4  H  4  A  :i. 0  9  ... 7  (  C  )
Table o f Bond Angles in Degrees
C5 C 4 I-l 4 B J 0 9 , 5 ( 3 )
251
from 1 Atom2 Atom3 Angle
1-14 A 04 H 4 B 1.09,0(31
0 4 05 06 1 .1. 0 , 9(3!
f.4 CB 1! 5 A 1. 0 9 , 3(31
04 05 H5B 1 0 9 , 4 ( 2 :
C 6 OS HSA 1 0 8 , 9 ( 2 )
C 6 05 MSB 109,1(3:
HSA ,-v MSB 1 0 9 , 1 C 3 )
C C /• 05 i :i o , 3 ( 2 :
C1 C 6 H 6 A 109,9(3)
C .1 06 1468 108,9(21
C 5 0 6 H 6 A 109,3(3 >
05 0 6 H6B 108,9(3)
H 6 A C 6 H6B 109,5(2)
02 07 H 7 A •I. 10 , 2 ( 2 )
02 0 7 H 7 B 109,1(2)
02 07 H 7 0 1 :i. 0 , 2 ( 3 )
H 7 A C 7 H 7 B 108,7(3)
H 7 A 07 1 j 7 C :!. 0 9 , 8 ( 3 >
H 7 B 07 H7C 108,8(25
0 :l. OS Oil 123 ,1 (2)
01 08 09 1 1 1 , 8 ( 2 )
011 08 09 125 ,1 (2)
08 09 09 1 1 2  , 8 ( 2 )
08 09 H9A 108,2 (2)
08 09 H 9 B ,=  .... 109,6 (2)
09 09 H9A . :;± .2107,3(2)
09 09 h 9 b ;:v ti 109., 0 < 2 )
H9A 09 H9B ..<-.109,9(2)
0 1 1 02 018 . •... 118,2(2)
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Atom 1 Atom2 Atom3 Angle
02 C11 Cl 2 1 0 6 * 6 ( 2 )
02 C U C1 6 1 0 9 * 6 ( 2 )
0? C11 h 1 1 111 * 4 ( 2 )
C 12 e 1 1 C 16 11 3 * 5 ( 2 )
c :l. 2 C :i 1 H11 109 *0 ( 2)
c :i 6 C11 H11 10 A * 7 ( 2 )
C11 n 'i ? C1 3 1 OB * 4 <2)
C :l. l C 1 2 C1 7 112 * 8 ( 2 )
C1 :i. C1 2 HI 2 J07 * 6 ( 2 )
c :i. 3 C12 Cl 7 1 1 t * 2 ( 2 )
C :l. 3 C12 H12 1 1 0 * 4 (2)
C17 01 2 HI 2 1 0 A * 3 ( 2 )
C12 e 13 C1 4 112 * 8 ( 2 >
0 I 9 e 1 3 H13A 10 8 * 1 ( 3 )
C :!■ 2 C13 M138 1 0 7 * 7 ( 2 )
C:!. 4 C 1 3 H1 3 A 10 9 * 3 ( 2 )
c :i. 4 C13 H13B 109 * 5 ( 3 )
HI 3 A C13 !■! 13 B ;! 0 9 * 3 < 2 >
Ol 3 C1 4 CIS 1 11 * 3 ( 3 )
C1. 3 C1 4 H14 A 1 0 8 * 2 ( 2 )
0 1 8 o 4 H14B X 0 7 * 7 < 2 >
01.5 C1 4 H1 4 A l :l 0 * 9 ( 3 >
01 5 o:! a H 1 4 B 1 0 V 3 ( 2 ')
HI 4 A C1 4 H1 4 B ;l 09 * 1 (3 j
C1 4 C15 CIA 1 ! 1 * t ( 2 :
01 4 e 15 H ISA 109*8(2 :
C1 4 Cl 5 HI SB 1.0 9 * 7 ( 3
01 6 CIS H ISA 108 * 7 (3
0 1 6 C15 HI SB 10 9 * 2 ( 2
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Atom 1 Atom2 Atom3 Angle
H15 A c :i. 5 HI SB 108♦3<3)
0 11 c :i. 6 c :i 5 1. J. 0 , 2 ( 2 )
C :l 1 C16 H16 A J. 0 9 , 4 < 3 )
01 1 016 H :i 6H 1 09 7 •; 2 )
C15 C16 H '.I 6 A 1 1 0 » 0 ( 2
C15 01 6 I-l 1 6 B 1 08 , 7 '■ 3 >
H16 A 0 1 6 H1 6 B 1 0 8 , 7 < 2 >
01 8 c :i 7 I-i 1 7 A 1 1 ■:, 6 < 2 )
Cl 2 01 7 H 1 7 B ;l 0 9 ■> 4 (2 )
C1. 8 017 i-l ■; 7n •! 0 9 ,7 (3  >
H I. 7 A C1 7 HI 7B :l o 9 , 4 ( 3 )
H:l 7 A C1 7 H I. 7 0 i 0 9 . ? ( 3 )
H17B 017 HI 70 1 0 8 , 5 ( 2 )
0 2 01 8 02:l :l 2 4 , 1(2)
02 e i e c:!. 9 :!• 11 , 0 ( 2 >
0 2 1 C 8 o :i o :i 2 4 9 ( 8 >
01 8 0 :i. 9 019 1 1 8 * 3 ( 8 >
C 1 8 C.l 9 H 1 9 A 1.0 9 1 ( 8 'i
c; :i. 8 C:!. 9 H I 9 B ;| 0 8 ,
C1 V C .1. 9 I-l :l 9 A 1 08 : ■ '{ ( 8 )
01 9 C.l 9 H ! 9 R 1 0 8 , 3 ( )
HI 9A C :l. 9 R 1 9 H 1 0 9 .. 6 ( 8 >
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Table o f Torsion Angles in Degrees
Vtom 1 Atom2 Atom3 Atom4 Angle
OB 0 :i. C1 02 :l. 31 , 9
08 01 01 06 -105,2
i.:e 0 :!. 0 1 111 12 , 6
0 1 01. ce o 1 :l 0 , 7
<:• U 1 C 8 09 -178 , 9
0 :l C1 C2 03 175,2
0 c :f. 02 07 -61 ,2
n :i C 1 02 l-l 2 55 ,5
0 6 C 1 02 0 3 55,0
C 6 C1 02 07 178,6
c. 0 :! 02 H 2 -64 ,7
H :l C1 02 03 -63 , 4
:-i :s e 1 02 07 60 ,2
H1 01. 02 M 2 176,9
i):!. C1 06 05 -•176,5
0 :i. C 1 06 I! 6 A -55,9
01 l. :!. 06 H 6 B 64 ,0
C2 CI 06 05 -57 , 1
C 2 C1 06 H 6 A 63 ,5
C.2 C l 06 H 6 B -176,6
l-l 1 01 06 05 62,3
H :i. G:! 0 6 H 6 A -177 , 1
.•■! I C .1. 06 H  6 B -57 , 1
Cl C 2 03 04 -53 ,5
C:! r- 03 H 3 A -174 ,3
01 C 2 03 H  3 B 6 8 , 0
V 7 C2 03 04 -177 ,5
C 7 C 2 03 H  3 A 6 .1. ♦ 7
c 7 C 2 03 H  3 B -56 ,0
H 2 C 2 03 04 64 ,8
H 2 C 2 03 H 3 A -56 ,  1
H 2 C 3 C 3 H 3 B -173,7
C1 02 07 H 7 A 58 ,1
C 1 C 2 0 <v H 7 B 177,3
C1 0 2 07 H 7 0 -6 3 , 3
03 C 2 07 H  7 A -179,8
C-S C 2 C 7 l-l 7 B -60 ,5
C 3 02 0 7 1-170 58,9
112 02 0 ? H  7 A -59 ,6
M 2 0,9___ 0 7 H 7 8 59 ,6
" H 2 0 2 07 H 7 179 ,0
Cv: 03 04 05 54 , 9
C2 0 3 04 H 4 A -66 ,3
i; •-« 04 H  4 B 175 , 2
H (A 03 04 05 174,5
!! 5 A 03 C 4 H 4 A 53 ,2
H 3  A 0 3 0 4 H4B -65 ,2
H 3 B 0 3 0 4 0 5 -65 ,6
H 3 B 0 3 0 4 1-14 A 1 7 3 , 2
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Atom 1 Atom2 Atom3 Atom4 Angle
H 3 il C 3 0 4 H4B 54 *8
3 0 4 05 06 --55*0
C3 C 4 05 HSA -175*1
C 3 04 05 H5B 65*4
H 4 A 04 C 5 06 65 *8
II 4 A 0 4 05 HSA -54 *3
H 4 A 0 4 C 5 H 5 8 -173 *7
H 4 jR C 4 05 06 -174*6
H 4 B 0 4 05 HSA 65 * 3
H4B 04 05 Ii 5 8 -54 * 1
Ci 0 5 06 C1 55*9
CIO 02 C11 01 2 •14 4 * 4
C :l. 8 02 e 11 01 4 92 - 4
C18 02 C11 H11 .. **\cA. \~‘ o U
Cl 1 02 01 8 02.1 3 * 0
CU 02 018 C1 9 1 76 * 5
- 0 2 Cl 1 c :i 2 C1 3 -■ 1.7 6 . ; :
02 C11 012 C1 7 59 * 5
02 Cl 1 C1 2 H12 •5 ? * 4
CIA c u 012 01 3 •54 . 0
Cl A c -J. 1 01. 2 017 •1.79 *4
CIA c u C1 2 H12 6 3 * 4
H1 1 Cl 1 o :i 2 01 3 62 * 8
HU c u 012 C1 7 -60*8
HU C1 1 012 H1 2 -177 ..8
02 c u C1 6 CIS 1 7 6 * 3
02 Cl 1 01 A 111 6 A •"• fy 2 * 6
02 Cl 1 C1 A H1AB 56 » 7
Cl 2 Cl 1 0 1 A C1 5 <•.■; 7 ; •;>
Cl 2 C11 016 HI 6A 1 7 8 , 3
Cl 2 C1 1 01 A M1 6 ft -67 * 4
HU C11 0 1 A CIS -63 *0
H11 C11 C1 A H 1 6 A 58 - 2
HU CU 016 H16 8 1 7 ? , 3
GU C1 2 Cl 3 C1 4 54 *5
CU C1 2 01 3 H1 3 A - 6 6 * 4
■ CU C1 2 013 H13 B 1 ?5 , 4
Cl 7 C12 01 3 01 4 1 7 9 * 0
Cl 7 C1 2 013 HI 3 A 5 8 ,. I
Cl 7 012 C13 H1 3 H • 6 < ■ : 0
H12 C1 2 013 0:1 4 - A • - 2
HI 2 C12 C13 HI 3ft 175*8
HI 2 Cl 2 C13 H138 5 .'• * 0
CU C12 0.1. 7 H1 7 A •58 * 0
C11 C1 2 C1. 7 H1 7 U 62 * 6
C11 C12 C1 7 H170 •• 1 78 • 4
C13 C1 2 C1 7 H 1 7 P 180 < 0
Cl 3 C12 C17 II178 -59 * 4
Cl 3 C .1 2 C1 7 HI 9 0 59 ,. 5
HI 2 Cl 2 01 7 HI 7A 4 9 *
H1 2 C1 7 01 7 HI 7 8 •-1 7 * /
!••! 12 C12 0 1 7 HI 70 -60 * 9
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At o m  1 Atom2 Atom3 Atom4 Angle
C1 2 C 3. 3 C 3. 4 C 3. 5 -55 * 4
C :l. 2 C 3.3 C 3.4 HI 4A - 1?7 >5
Cl. 2 C1. 3 C 3.4 H 3. 4 B 6 4 <• 7
Hi 3 A Cl 3 01 4 C1. 5 64 ,9
HI. 3 A Cl. 3 01 4 Hi 4 A • 5 7 ■> 8
H J. 3 A e 13 C 3. 4 H 3. 4 h -375,0
H1.3 B C 3. 3 C 3.4 03.5 - 3 75 , •
H13B C1 3 C 3.4 H 3 4 A 62 . 6
H :L3B C1. 3 03.4 H 3.4 8 -55 , 8
C1.3 C1 4 CIS 03.6 54 ,6
C13 C 3. 4 C 3.5 HI 5ft -65 , 7
C13 C 3.4 C 3. 5 HI SB 1 75 , S
HI. 4 A C 3. 4 C 3. 5 03. 6 1 75 , 8
HI 4 A C 3.4 C 3. 5 H3.5A 5 4 , °
HI. 4 A C 3. 4 CIS H 3. 5 C: - 6 4 , 0
H14B C 3.4 C 3. 5 0 3 6 6 4 , 4
H14 B C 3. 4 0 3. 5 H.I.S A 1 ?‘S «■ 5
H1.4 B C 3. 4 C 3 5 HI. SB 56 , 5
G1 4 C 3. S C 3.6 0 1.3. ■5 5 , 3
C 4 05 06 H 6 A -65 ,1
C4 05 06 H 6 B 175,4
HSA 05 06 C 3. 3.76,2
HSA 05 0 6 i-l 6 A 55 , 3
HSA 05 06 II6 B -• 6 4 , 3
H S ,h 05 06 C 3. -64 , 8
IIS B 05 06 H 6 A 174 ,3
MSB 05 06 H 6 B 54 ,7
01 OB 0 9 H 9 A 64 ,8
n > CO 09 H9.B -54 ,9
01 OB 09 09 '• -3.76,2
U1 :l OB 09 H 9 A ~ 114 , 8
0 08 0 9 M9B 3.25,4
•j 11 08 09 09 '• 4,2
c :i. 4 C 3.5 C 3. 6 *•! 3. 6 A • L 7 6 , e
C1 4 C 3.5 C .1. 6 H 3 6 B 65 . 1.
HIS A C 3. 5 C 3 6 C 3. !. 6 5 . S
H ISA C .1. 5 C 3. 6 H 3.6 A •55 -1
H ISA 0 :l 5 0 1. 6 H1 6 B ... j 7 4 , 0
H15 B 0 3. 5 C 3 6 0 I. 1 - 5 W .
HI. SB 015 0 3. 6 H 1 6 A A‘> .
HI. SB 0 3. 5 C 1 6 111 68 ■' ’ 6 « 0
02 01. 8 C 3. 9 H 1 A A •. 0
02 0 3. 8 0 1.9 1! 1 V 0 »: * i. ,; a .
02 C 3. 8 3. 9 C i ' ■ 1 ? 6 , * •
021 C 3. 0 0 :i. v 111 1 1 f , S
021 0 3 8 r: \ 9 H 1 9 B 1 < o
021 C 3. 8 0 .1. v t v • { ,
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2) dcfdc
Formula 0 ± , ,oIT2/L
Molecular weight (g) 320.4
Ciystal system Triclinic
Space group PT (no.2)
a (A) 5.6754(11)
b (A) 11.5820 (9)
c (A) 13.8123 (18)
volume (A3) 869.4602 (2165)
Z 2
p (g cm*3) calc. 1.224
p (mo K J 0.83
M A ) 0.7109
F (000) 344
Table 1 Physical properties and parameters for data collection and refinement for 
dcfdc
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Final Atomic Parameters
Atom X Y Z Uiso
0 ( 1 ) - 3 6 5 1 ( 2 3 ) 2 8 5 2 ( 1 2 ) 4 9 1 6 ( 9 ) 73  (4
C (2 ) - 3 1 1 6 ( 3 5 ) 1 6 4 6 ( 1 8 ) 5 2 8 7 ( 1 4 ) 6 9  (6
C ( 3 ) - 1 1 8 2 ( 3 1 ) 1 4 0 4 ( 1 5 ) 5 9 1 0 ( 1 2 ) 4 0  (5
C ( 4 ) - 4 2 7  ( 3 3 ) 2 6 3 3 ( 1 6 ) 5 8 3 2 ( 1 3 ) 4 9  (6
C (5 ) - 2 0 5 1  ( 3 5 ) 3 3 8 4  ( 1 9 ) 5 2 3 3 ( 1 4 ) 6 6  (6
C ( 3 1 ) 1 8 5 ( 4 1 ) 2 1 7 ( 1 8 ) 6 3 3 5 ( 1 4 ) 64  (6
0 ( 3 1 ) 2 1 9 7 ( 2 6 ) - 5 ( 1 1 ) 6 3 8 1  (9) 7 1  (4
0 ( 3 2 ) - 1 4 9 6  ( 2 2 ) - 5 5 3 ( 1 1 ) 6 6 1 1 ( 9 ) 63  (4
C ( 3 3 1 ) - 5 1 2 ( 3 6 ) - 1 8 2 0 ( 1 7 ) 7 0 2 6 ( 1 4 ) 6 6  (6
C ( 3 3 2 ) - 2 5 1 0  ( 3 2 ) - 2 5 0 3 ( 1 5 ) 6 8 2 6  ( 1 3 ) 63  (6
C ( 3 3 3 ) - 1 8 2 2  ( 4 2 ) - 3 8 3 5 ( 1 9 ) 7 3 3 1 ( 1 6 ) 1 0 0  (8
C ( 3 3 4 ) - 1 4 7 0  ( 3 5 ) - 4 0 5 3  ( 1 8 ) 8 3 8 7 ( 1 5 ) 7 8 ( 7
C ( 3 3 5 ) 4 0 4  ( 3 6 ) - 3 3 6 8  ( 1 7 ) 8 6 2 9 ( 1 5 ) 85  (7
C ( 3 3 6 ) - 2 0 7  ( 3 8 ) - 2 0 0 8  ( 1 7 ) 8 1 0 2 ( 1 5 ) 87  (7
C ( 4 1 ) 1 2 8 1  ( 3 8 ) 2 9 1 1 ( 2 0 ) 6 3 6 2 ( 1 6 ) 7 5  (7
0 ( 4 1 ) 2 1 9 7 ( 2 3 ) 3 8 6 8 ( 1 2 ) 6 0 9 3  (9) 73  (4
0  ( 4 2 ) 1 9 7 3 ( 2 1 ) 2 1 1 1 ( 1 0 ) 7 1 9 3 ( 9 ) 5 5  (4
C ( 4 3 1 ) 3 9 8 2  ( 3 4 ) 2 2 3 6 ( 1 7 ) 7 7 1 3 ( 1 4 ) 6 1  (6
C ( 4 3 2 ) 4 8 8 8  ( 3 2 ) 1 0 0 5 ( 1 5 ) 8 3 1 4 ( 1 3 ) 5 8  (6
C ( 4 3 3 ) 7 0 1 3 ( 3 6 ) 1 0 2 5 ( 1 8 ) 8 9 3 4 ( 1 5 ) 80  (7
C ( 4 3 4 ) 6 3 9 3  ( 3 8 ) 1 8 6 7 ( 1 8 ) 9 5 9 4 ( 1 5 ) 88  (7
C ( 4 3 5 ) 5 4 1 8 ( 3 7 ) 3 1 0 2 ( 1 8 ) 9 0 1 1 ( 1 5 ) 8 8  (7
C ( 4 3 6 ) 3 2 4 2  ( 3 6 ) 3 0 7 8 ( 1 8 ) 8 4 0 2 ( 1 5 ) 82  (7
H (2) - 3 9 6 6 1 0 3 4 5 1 3 7 81
H (5) - 2 0 4 8 4 2 5 8 5 0 4 5 77
H ( 3 3 1 ) 1 0 4 2 - 2 0 7 5 6 7 3 8 83
H ( 3 3 2 a ) - 2 6 4 3 - 2 3 9 6 6 1 0 4 78
H ( 3 3 2 b ) - 4 0 3 4 - 2 2 0 2 7 1 1 0 78
H ( 3 3 3 a ) - 3 4 0 - 4 1 2 6 7 0 1 1 95
H ( 3 3 3 b ) - 3 0 9 6 - 4 2 8 2 7 2 3 7 95
H ( 3 3 4 a ) - 2 9 8 4 - 3 8 1 3 8 7 1 4 81
H ( 3 3 4 b ) - 9 7 9 - 4 9 1 5 8 6 5 2 81
H ( 3 3 5 a ) 4 2 0 - 3 4 6 7 9 3 5 4 87
H ( 3 3 5 b ) 1 9 7 3 - 3 6 7 5 8 3 8 6 87
H ( 3 3 6 a ) 1 0 9 0 - 1 5 7 7 8 1 9 9 85
H ( 3 3 6 b ) - 1 6 8 9 - 1 6 8 9 8 4 0 5 85
H ( 4 3 1 ) 5 2 1 8 2 5 8 0 7 2 4 3 70
H ( 4 3 2 a ) 3 6 0 2 6 8 2 8 7 6 7 84
H ( 4 3 2 b ) 5 3 8 5 4 8 3 7 8 5 7 84
H ( 4 3 3 a ) 8 3 4 7 1 2 8 5 8 4 8 1 73
H ( 4 3 3 b ) 7 4 8 0 2 1 4 9 3 4 8 73
H ( 4 3 4 a ) 5 1 9 2 1 5 5 3 1 0 0 9 9 79
H ( 4 3 4 b ) 7 8 2 8 1 9 2 4 9 9 2 6 79
H ( 4 3 5 a ) 4 9 3 1 3 6 0 9 9 4 7 9 73
H ( 4 3 5 b ) 6 6 7 1 3 4 4 3 8 5 4 9 73
H ( 4 3 6 a ) 2 7 1 8 3 8 9 0 8 0 0 2 85
H ( 4 3 6 b ) 1 9 3 6 2 7 8 6 8 8 5 8 85
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Bond Lengths in Angstroms
Bond Distance Bond Distance
0 ( 1 )  - C ( 2 ) 1 . 3 6 0 ( 2 0 ) C (4)  -  C (5) 1 . 3 4 5 ( 2 1 )
C (2 ) - C (3) 1 . 3 9 5  ( 2 1 ) C (5)  -  0 ( 1 ) 1 . 3 2 0  (20)
C (3)  - C (4) 1 . 5 2 0 ( 2 1 )
C (3)  - C ( 3 1 ) 1 . 4 8 0  ( 2 3 ) C (4)  -  C ( 4 1 ) 1 . 3 7 3 ( 2 4 )
C ( 3 1 ) -  0 ( 3 1 ) 1 . 1 3 7 ( 2 1 ) C ( 4 1 )  -  0 ( 4 1 ) 1 . 2 5 1 ( 2 1 )
C ( 3 1 ) -  0 ( 3 2 ) 1 . 3 6 8  ( 2 0 ) C ( 4 1 )  -  0 ( 4 2 ) 1 . 3 2 5  ( 20)
0 ( 3 2 ) -  C ( 3 3 1 ) 1 . 4 7 7 ( 1 9 ) 0 ( 4 2 )  -  C ( 4 3 1 ) 1 . 4 3 1 ( 1 9 )
C ( 3 3 1 ) -  C ( 3 3 2 ) 1 . 5 4 8 ( 2 2 ) C ( 4 3 1 )  -  C ( 4 3 2 ) 1 . 4 9 8  (22)
C ( 3 3 2 ) -  C ( 3 3 3 ) 1 . 5 3 2 ( 2 4 ) C ( 4 3 2 )  -  C ( 4 3 3 ) 1 . 5 3 3  ( 23)
C ( 3 3 3 ) -  C ( 3 3 4 ) 1 . 4 4 0 ( 2 3 ) C ( 4 3 3 )  -  C ( 4 3 4 ) 1 . 4 8 7 ( 2 3 )
C ( 3 3 4 ) -  C ( 3 3 5 ) 1 . 5 1 5 ( 2 4 ) C ( 4 3 4 )  -  C ( 4 3 5 ) 1 . 5 0 3 ( 2 4 )
C ( 3 3 5 ) -  C ( 3 3 6 ) 1 . 5 6 0 ( 2 4 ) C ( 4 3 5 )  -  C ( 4 3 6 ) 1 . 5 4 9 ( 2 4 )
C ( 3 3 6 ) -  C ( 3 3 1 ) 1 . 4 6 5 ( 2 2 ) C ( 4 3 6 )  -  C ( 4 3 1 ) 1 . 5 2 5 ( 2 3 )
Bond Aneles in Degrees
Bond Angle Distance Bond Angle Distance
0(1) -C (2) - C  (3 ) 110.2 (18) C (4) -C (5) - 0 ( 1 ) 114
C( 2 ) - C ( 3 ) - C (4) 104 .1 (15 ) C ( 5 ) - 0 ( 1 ) - C (2) 107
C( 3 ) -C ( 4 ) - C (5) 103.1 (16 )
C (2 ) -C (3) -C (31) 127.2 (18) C ( 3 ) - C (4) - C (41) 127
C (4) -C (3) -C (31) 127.0 (17) C (5 ) -C (4) -C (41) 128
C (3) -C (31) -0 (31 ) 127.1  (20) C (4) -C (41) -0 (41 ) 123
C (3) -C (31) -0 (32 ) 104.8(18) C (4) -C (41) -0 (42 ) 117
0(31) -C (31) -0 (32 ) 128.1  (20) 0(41)  -C (41) - 0 (42 ) 119
C (31) -0(32)  -C (331) 114 .3 (15 ) C ( 4 1 ) - 0 ( 4 2 ) - C (431) 121
0(32)  -C (331) -C (33 2) 102.0 (15) 0 ( 4 2 ) - C ( 4 3 1 ) - C (432) 106
0(32)  -C (331) -C (33 6 ) 108.9 (16) 0 ( 4 2 ) - C ( 4 3 1 ) - C (436) n o
C (331 ) - C (3 32 ) - C (333) 107.1 (17) C (431) - C ( 4 3 2 ) - C (433) 111
C (332 ) -C (3 3 3 ) -C(334) 113 .2 (18 ) C (432 ) - C ( 4 3 3 ) -C(434) 111
C (333 ) -C (3 3 4 ) -C(335) 113.3(18) C (43 3 ) - C (4 3 4 ) -C(435) 111
C (334) -C (335) -C(336). 108.8(17) C (434 ) - C ( 4 3 5 ) -C(436) 112
C (335) -C (336) -C(331) 11 1 .9(17) C (435 ) - C (43 6 ) -C(431) 108
C (336 ) -C ( 3 3 1 ) - C (332) 11 1 .2 (16) C (436 ) - C ( 4 3 1 ) - C (432) 110
8 ( 1 9 )  
8 ( 1 7 )
8 ( 1 9 )  
6 (20)  
1 (21)  
2 ( 21)  
6 ( 20)  
1 ( 1 6 )  
8 ( 1 6 )
3 ( 1 5 )  
8 ( 1 6 )
0 ( 1 7 )  
6 ( 1 8 )
1 ( 1 8 )
4 ( 1 7 )  
2 ( 1 6 )
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Torsion angles in  Degrees
Torsion Angle Angle
0 1) -C  (2) -C  (3 ) -C  (4 ) -3  . 9
c 2) - C ( 3 )  - C ( 4 )  - C  (5) 2 . 7
c 3 ) - C ( 4 ) - C ( 5 ) - 0 ( 1 ) - 0  . 7
c 4)  -C (5) - 0 ( 1 )  -C (2 ) - 1 .  7
c 5) - 0 ( 1 )  -C (2 ) -C (3 ) 3 . 6
0 1) -C (2) -C (3)  -C (31) - 1 6 9 . 9
c 31)  -C (3) -C (4)  -C (5) 1 6 8 . 8
c 2) - C  (3) - C  (4)  - C  (41) 174 . 3
0 1) -C (5) - C  (4)  - C  (41) - 1 7 2 . 2
c 31)  -C (3 ) - C  (4)  - C  (41) - 1 9  .6
c 2) -C (3) -C (31 )  - 0 ( 3 1 ) 136 .2
c 2) - C  (3) -C (31 )  - 0 ( 3 2 ) - 4 0  . 9
c 4) -C (3) -C ( 31 )  - 0 ( 3 1 ) - 2 6  . 7
c 4) - C  (3) -C (31 )  - 0 ( 3 2 ) 156 . 2
c 3) -C (31)  - 0 ( 3 2 )  -C (331) 177 . 8
0 3 1 ) - C (31)  - 0 ( 3 2 ) - C (331) 0 . 7
c 31)  - 0 ( 3 2 )  - C  ( 3 3 1 )  -C (3 3 2) - 1 5 6  . 1
c 3 1 ) - 0 ( 3 2 ) - C ( 3 3 1 ) - C (336) 8 6 . 3
0 3 2 ) - C ( 3 3 1 ) - C ( 3 3 2 ) - C ( 3 3 3 ) - 1 7 3 . 8
c 3 3 6 ) - C ( 3 3 1 ) - C ( 3 3 2 ) - C ( 3 3 3 ) - 5 7  . 9
0 3 2 ) - C ( 3 3 1 ) - C ( 3 3 6 ) - C ( 3 3 5 ) 170 .1
c 3 3 5 ) - C ( 3 3 6 ) - C ( 3 3 1 ) - C ( 332) 58 .5
c 3 3 1 ) - C ( 3 3 2 ) - C ( 3 3 3 ) - C ( 3 3 4 ) 57 . 2
c 3 3 2 ) - C ( 3 3 3 ) - C ( 3 3 4 ) - C ( 3 3 5 ) - 5 7  .3
c 3 3 3 ) - C ( 3 3 4 ) - C ( 3 3 5 ) - C (336) 52 . 8
c 3 3 4 ) - C ( 3 3 5 ) - C ( 3 3 6 ) - C ( 3 3 1 ) - 5 3  . 8
c 3) - C  (4) - C  (41 )  - 0  (41) 162 . 0
c 3) -C (4) - C  (41 )  - 0 ( 4 2 ) - 1 7  . 6
c 5) -C (4) -C (41 )  - 0  (41) - 2 8  .5
c 5) - C  (4) -C (41 )  - 0 ( 4 2 ) 1 5 1 . 9
c 4) - C  (41) - 0 ( 4 2 )  - C  (431) 170 .5
0 4 1 ) - C (41)  - 0 ( 4 2 )  - C (431) - 9  . 1
c 4 1 ) - 0 ( 4 2 ) - C ( 4 3 1 ) - C (432) - 1 5 6 . 5
c 4 1 ) - 0 ( 4 2 )  - C ( 4 3 1 ) - C (436) 83 . 7
0 4 2 ) - C ( 4 3 1 )  - C ( 4 3 2 ) - C ( 4 3 3 ) - 1 7 8  .3
c 4 3 6 ) - C ( 4 3 1 ) - C ( 4 3 2 ) - C ( 433) - 5 8  .4
0 4 2 ) - C ( 4 3 1 ) - C ( 4 3 6 ) - C ( 4 3 5 ) 175 . 4
c 4 3 5 ) - C (43 6 ) - C ( 4 3 1 ) - C ( 4 3 2 ) 57 . 7
c 4 3 1 ) - C ( 4 3 2 ) - C ( 4 3 3 ) - C ( 4 3 4 ) 56 . 0
c 4 3 2 ) - C ( 4 3 3 ) - C ( 4 3 4 ) - C ( 4 3 5 ) - 5 3  .9
c 4 3 3 ) - C ( 4 3 4 ) - C ( 4 3 5 ) - C ( 436) 55 . 7
c 4 3 4 ) - C ( 4 3 5 ) - C ( 4 3 6 ) - C ( 4 3 1 ) - 5 6  . 8
20
20
22
23
21
17
18
20
20
31
23
25
33
17
14
30
15
19
15
21
15
21
22
24
23
22
19
31
35
20
17
28
16
21
15
20
15
20
21
22
23
22
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3) tcptc
Formula O A A N
Molecular weight (g) 422.57
Ciystal system Monoclinic
Space group P21/n
a (A) 5.751 (5)
b (A) 21.305 (6)
c (A) 19.678 (7)
volume (A3) 2405.6 (3.7)
Z 4
p (g cm-3) calc. 1.170
\i (mo K a) 0.8
F (000) 920
Table 1 Physical properties and parameters for data collection and refinement for 
tcptc
Table o f Positional Parameters and Their Standard Deviations
Atom X Y Z B(A2)
o n 0 . 8 7 1 1 ( 5 ) 0 ♦ 1 2 9 2 ( 2 ) 0 . 7 8 0 2 ( 2 ) 4 . 7 8 ( 7 )
012 0 . 7 2 5 8 ( 5 ) 0 . 0 7 9 2 ( 2 ) 0 » 6 8 6 0 ( 1 ) 4 . 3 3 ( 7 )
021 0 . 1 5 0 6 ( 6 ) - 0 . 0 1 3 8 ( 2 ) 0 . 8 0 5 2 ( 2 ) 7 . 3 ( 1 )
022 0 . 3 7 3 2 ( 5 ) - 0 . 0 4 9 4 ( 2 ) 0 . 8 9 3 7 ( 2 ) 5 . 6 3 ( 8 )
031 0 . 3 6 8 9 ( 5 ) 0 ♦ 2 0 0 3 ( 1 ) 0 . 7 3 4 7 ( 2 ) 4 . 8 2 ( 7 )
032 0 . 2 6 1 5 ( 5 ) 0 . 2 2 7 7 ( 1 ) 0 . 8 3 8 1 ( 2 ) 4 . 7 4 ( 7 )
C 0 . 4 9 9 2 ( 7 ) 0 . 0 7 7 9 ( 2 ) 0 . 7 8 0 1 ( 2 ) 3 . 5 3 ( 9 )
Cl  1 0 . 9 2 8 3 ( 7 ) 0 . 0 9 8 0 ( 2 ) 0 . 6 4 8 5 ( 2 ) 4 . 2 ( 1 )
C. 12 0 . 9 9 9 7 ( 8 ) 0 . 0 4 1 8 ( 2 ) 0 . 6 0 9 8 ( 2 ) 5 . 4 ( 1 )
C13 1 . 2 0 5 2 ( 9 ) 0 . 0 5 8 6 ( 3 ) 0 . 5 6 8 0 ( 3 ) 6 , 4 ( 1 )
Cl  4 1 . 1 4 4 1 ( 9 ) 0 .  1 1 3 7 ( 3 ) 0 . 5 2 1 7 ( 3 ) 6 . 8 ( 2 )
C1 5 1 . 0 6 3 ( 1 ) 0 . 1 6 9 3 ( 3 ) 0 . 5 6 1 4 ( 3 ) 7 , 5 ( 2 )
Cl  6 0 . 8 5 9 8 ( 9 ) 0 . 1 5 1 9 ( 3 ) 0 . 6 0 3 3 ( 3 ) 5 , 7 ( 1 )
C17 0 . 7 2 0 9 ( 7 ) 0 . 0 9 9 9 ( 2 ) 0 . 7 4 9 7 ( 2 ) 3 . 5 2 ( 9 )
C21 0 . 1 7 8 4 ( 8 ) - 0 . 0 8 3 5 ( 3 ) 0 . 9 1 9 5 ( 3 ) 5 , 5 ( 1 )
C22 0 . 1 7 5 ( 1 ) - 0 . 1 4 8 4 ( 3 ) 0 . 8 9 4 0 ( 3 ) 8 , 3 ( 2 )
C23 - 0 . 0 2 2 ( 1 ) - 0 . 1 8 4 5 ( 3 ) 0 . 9 2 5 5 ( 4 ) 1 0 , 5 ( 2 )
C24 - 0 . 0 0 7 ( 1 ) - 0 . 1 8 2 7 ( 3 ) 0 . 9 9 9 3 ( 4 ) 1 1 . 4 ( 2 )
C25 0 . 0 0 9 ( 1 ) - 0 . 1 1 7 2 ( 4 ) 1 . 0 2 4 8 ( 3 ) 1 0 . 4 ( 2 )
C26 0 ♦ 2 0 8 ( 1 ) - 0 . 0 8 0 6 ( 3 ) 0 . 9 9 5 0 ( 3 ) 8 . 5 ( 2 )
C27 0 . 3 3 4 9 ( 8 ) - 0 . 0 1 6 7 ( 2 ) 0 . 8 3 7 2 ( 2 ) 4 . 4 ( 1 )
C28 0 . 5 5 4 0 ( 7 ) 0 . 0 1 6 2 ( 2 ) 0 . 8 1 8 0 ( 2 ) 4 . 2 ( 1 )
C31 0 . 1 7 5 9 ( 8 ) 0 , 2 8 8 6 ( 2 ) 0 . 8 1 3 5 ( 2 ) 4 . 7 ( 1 )
C32 - 0 . 0 6 8 3 ( 9 ) 0 . 2 8 2 6 ( 3 ) 0 . 7 8 1 7 ( 3 ) 6 . 3 ( 1 )
C33 - 0 . 1 6 6 ( 1 ) 0 . 3 4 7 2 ( 3 ) 0 . 7 6 3 4 ( 3 ) 7 . 5 ( 2 )
C34 - 0 . 1 5 4 ( 1 ) 0 . 3 8 9 9 ( 3 ) 0 . 8 2 4 5 ( 3 ) 8 . 9 ( 2 )
Atom X B(A2)
C35 0 , 0 8 8 ( 1 ) 0 . 3 9 5 3 ( 3 ) 0 , 8 5 4 9 ( 3 ) 8 . 9 ( 2 )
C36 0 , 1 8 7 ( 1 ) 0 . 3 3 1 2 ( 3 ) 0 , 8 7 4 3 ( 3 ) 6 , 9 ( 2 )
C37 0 , 3 4 5 3 ( 7 ) 0 . 1 8 8 0 ( 2 ) 0 . 7 9 3 1 ( 2 ) 4 , 0 ( 1 )
C38 0 , 4 1 4 6 ( 7 ) 0 , 1 2 7 7 ( 2 ) 0 . 8 2 8 0 ( 2 ) 4 , 0 ( 1 )
H 0 , 3 7 6 5 0 , 0 7 0 2 0 . 7 4 2 6 4*
H U 1 , 0 5 8 6 0 ,  1109 0 , 6 8 1 7 4 &
H12A 1 , 0 4 6 6 0 , 0 0 7 4 0 , 6 4 2 4 6 *
H12B 0 , 8 6 6 1 0 . 0 2 7 3 0 , 5 7 8 8 6*
H13A 1 , 3 4 3 3 0 , 0 6 9 4 0 , 5 9 9 2 7*
H13B 1 , 2 4 6 0 0 , 0 2 1 5 0 . 5 3 9 9 7*
H14A 1 , 2 8 4 1 0 , 1 2 5 8 0 . 4 9 7 1 8*
H14B 1 , 0 1 9 2 0 , 1 0 0 9 0 , 4 8 6 6 8*
H15A 1 , 1 9 4 8 0 , 1 8 5 2 0 , 5 9 2 1 8*
H15B 1 , 0 1 5 0 0 , 2 0 3 8 0 . 5 2 9 1 8*
H16A 0 , 8 1 8 7 0 , 1 8 8 7 0 , 6 3 1 7 6*
H16B 0 , 7 2 2 4 0 . 1 3 9 9 0 , 5 7 2 2 6*
H21 0 , 0 2 9 9 - 0 . 0 6 2 1 0 , 9 0 3 9 6*
H 2 2 A 0 , 3 2 6 9 - 0 . 1 6 9 1 0 . 9 0 6 7 9 t
H22B 0 . 1 4 6 0 - 0 . 1 4 8 0 0 , 8 4 3 1 9*
H23 A - 0 . 0 2 1 3 - 0 , 2 2 8 9 0 , 9 0 9 6 12*
H23B - - 0 . 1756 - 0 . 1 6 7 0 0 , 9 0 7 6 12*
H24A 0 , 1 3 3 2 - 0 , 2 0 6 8 1 . 0 1 7 0 13*
H24B - 0 , 1 4 7 2 - 0 , 2 0 3 3 1 . 0 1 6 3 13*
H25A 0 , 0 3 3 3 - 0 , 1 1 7 6 1 , 0 7 5 6 12*
H25B - 0 , 1 4 1 0 - 0  . 0 9 5 0 1 , 0 1 3 5 12*
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Atom X
H 2 6 A 0 , 3 6 0 2 - 0
H26B 0 , 2 0 2 8 - 0
H28A 0 , 6 5 6 1 0
H28B 0 , 6 4 3 6 - 0
H31 0 , 2 8 0 3 0
B 3 2 A ~ 0 , 0 6 6 7 0
H32B - 0 * 1 6 9 1 0
IH33A - 0 , 0 7 5 0 0
H33B - 0 , 3 3 1 0 0
H34 A —0 , 2 1 2 8 0
H34B - 0 , 2 5 7 1 0
H35A 0 , 1 8 7 8 0
H35B 0 * 0 8 9 0 0
H36A 0 , 3 5 2 8 0
H36B 0 , 0 9 6 4 0
H38A 0* 53 8 1 0
B38B 0 , 2 7 9 6 0
1 * 01 0 9  10*
1 , 0 1 0 3  10*
0 , 8 6 0 1  4*
0 , 7 8 8 8  4*
0 , 7 7 9 0  5*
0 , 7 3 9 5  7*
0 , 8 1 4 4  7*
0 , 7 2 6 7  8*
0 , 7 4 4 9  8*
0 , 8 1 0 3  10*
0 , 8 5 9 0  10*
0 , 8 2 1 7  10*
0 , 8 9 6 4  10*
0 , 8 9 2 2  8*
0 , 9 1 0 7  8*
0 , 8 6 4 9  4*
Z B(A2)
0 , 8 5 1 8  4*
Y
1001
036 0
0249
012 0
3050
2 56 3
2618
3659
3429
4323
3731
4 158
4223
3359
3124
1359
1106
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Table of Bond Distances in Angstroms
A tom l Atom2 Distance A tom l Atom2 Distance
O U Cl 7 1♦196 < 5 ) Cl  4 H14B 0 . 9 9 9 ( 5 )
012 C U 1 . 4 7 4 ( 5 ) C15 C16 1 . 5 2 2 ( 8 )
012 C17 1 . 3 3 1 ( 5 ) CIS H15A 0 . 9 9 8 ( 6 )
021 C27 1 . 1 9 8 ( 5 ) C15 H15B 0 . 9 9 8 ( 6 )
022 C21 1 . 4 5 5 ( 6 ) Cl  6 H16A 1 . 0 0 1 ( 5 )
022 C27 1 . 3 1 8 ( 5 ) C16 H16B 1 . 0 0 0 ( 5 )
031 C37 1 . 1 9 4 ( 5 ) C21 C22 1 . 4 7 1 ( 8 )
032 C31 1 . 4 5 8 ( 5 ) C21 C26 1 . 4 8 4 ( 7 )
032 C37 1 . 3 3 8 ( 5 ) C21 H21 0 . 9 9 8 ( 5 )
C C17 1 .517(<? C22 C23 1 . 5 3 3 ( 1 0 )
C C28 1 . 5 3 5 ( 6 ) C22 H22 A 0 . 9 9 8 ( 6 )
C C38 1 . 5 1 9 ( 6 ) C22 H22B 1 . 0 0 3 ( 6 )
C H 0 . 9 9 9 ( 4 ) C23 C24 1 . 4 5 0 ( 11)
C U C12 1 . 4 9 1 ( 7 ) C23 H23 A 0 . 9 9 8 ( 7 )
cu C16 1 . 4 9 0 ( 7 ) C23 H23B 1 . 0 0 0 ( 7 )
' C U H U 1 . 0 0 0 ( 4 ) C24 C25 1 . 4 8 3 ( 11 )
C12 C13 1 . 5 2 7 ( 7 ) C24 H24A 0 . 9 9 8 ( 7 )
C12 H12A 1 . 0 0 0 ( 5 ) C24 H24B 0 . 9 9 7 ( 7 )
C12 H12B 0 . 9 9 8 ( 5 ) C25 C26 1 . 5 3 2 ( 1 0 )
C13 C14 1 . 5 1 3 ( 8 ) C25 H25A 1 . 0 0 1 ( 6 )
Cl  3 H13A 0 . 9 9 9 ( 5 ) C25 H25B 0 . 9 9 6 ( 7 )
C13 H13B 0 . 9 9 9 ( 6 ) C26 H26 A 1 . 0 0 3 ( 6 )
C14 CIS 1 . 5 0 8 ( 8 ) C26 H26B 0 . 9 9 7 ( 7 )
C14 H14 A 1 . 0 0 1 ( 5 ) C27 C28 1 . 5 1 2 ( 6 )
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A tom l Atom2 Distance
C28 H28A 1*001(4)
C28 H28B 1,000(4)
C31 C32 1,505(7)
C31 036 i ,499(7)
031 H31 1,000(5)
C32 033 1,518(8)
C32 H32A 1,000(6)
032 H32B 0,999(6)
C33 034 1,506(9)
C33 H33A 1,001(6)
C33 H33B 1,000(6)
A tom l Atom2 Distance
C34 035 1,482(10)
034 H34 A 0,998(6)
C34 H34B 0,998(6)
C35 036 1,519(8)
035 H35A 0,998(7)
035 H35B 0,999(6)
036 H36A 0,999(6)
036 H36B 0,998(6)
037 C38 1,499(6)
C38 H38A 0.998(4)
C38 H38B 1,001(4)
Table of Bond Angles in Degrees
rtoni 1 Atom2 Atom3 Angie
c u 012 017 1 1 6 , 6 ( 3 )
C21 022 027 1 1 8 . 0 ( 3 )
C31 032 037 1 1 8 , 2 ( 3 )
C17 C 028 1 0 7 . 7 ( 3 )
C17 C 038 1 1 0 , 0 ( 3 )
C17 C H 1 0 9 , 3 ( 4 )
C28 0 038 1 1 1 , 1 ( 4 )
C 28 C H 1 0 9 . 3 ( 4 )
C38 0 H 1 0 9 . 4 ( 4 )
0 12 C U 012 1 0 6 . 9 ( 4 )
012 C U 016 1 0 8 . 8 ( 4 )
012 C U H U 1 0 9 , 4 ( 4 )
C12 C U 016 1 1 2 , 7 ( 4 )
0 12 C U H U 1 0 9 , 6 ( 4 )
016 C U H U 1 0 9 , 5 ( 4 )
011 012 013 1 0 9 . 7 ( 4 )
o n 012 H12A 1 0 9 . 4 ( 4 )
c u 012 H12B 1 0 9 , 5 ( 4 )
013 012 H12A 1 0 9 . 4 ( 4 )
013 012 H12B 1 0 9 , 6 ( 4 )
H12A 012 H12B 1 0 9 , 3 ( 5 )
012 013 014 1 1 0 , 4 ( 4 )
C12 013 H13A 1 0 9 , 5 ( 4 )
012 013 H13B 1 0 9 , 4 ( 5 )
014 013 H1 3 A 1 0 9 . 5 ( 5 )
014 013 H13B 1 0 9 , 5 ( 5 )
Atom 1 Atom2 Atom3 Angle
H13A 013 H13B 1 0 8 , 5 ( 5 )
013 014 015 1 1 1 , 5 ( 4 )
,013 014 H14 A 1 0 9 , 2 ( 5 )
013 014 H14B 1 0 9 , 4 ( 5 )
015 014 H14 A 1 0 9 , 4 ( 5 )
015 014 H14B 1 0 9 , 7 ( 5 )
H14A C14 H14B 1 0 7 , 5 ( 5 )
014 015 016 1 1 1 , 4 ( 5 )
014 015 HI 5 A 1 0 9 , 6 ( 5 )
014 015 H15B 1 0 9 , 4 ( 5 )
016 015 H15A 1 0 9 , 4 ( 5 )
016 015 H15B 1 0 9 , 4 ( 5 )
H15A 015 H1 SB 107 , 5 ( 6 )
O i l 016 015 1 0 9 , 2 ( 4 )
C U 016 H16A 1 0 9 , 5 ( 4 )
C U 016 H16B 1 0 9 , 5 ( 4 )
015 016 H16A 1 0 9 , 3 ( 5 )
015 016 H16B 1 0 9 , 5 ( 5 )
H16 A Cl 6 HUB 1 0 9 , 7 ( 5 )
o u 017 0 1 2 4 , 1 ( 4 )
012 017 0 1 0 9 , 9 ( 3 )
022 021 022 1 1 0 , 1 ( 4 )
022 021 026 1 0 6 , 9 ( 4 )
022 021 H21 1 0 9 , 1 ( 4 )
022 021 026 1 1 2 , 3 ( 5 )
022 021 H21 1 0 9 , 3 ( 4 )
026 021 H21 1 0 9 , 0 ( 5 )
021 022 023 1 0 9 . 1 ( 5 )
021 022 H22A 1 0 9 , 7 ( 5 )
Atom 1 Atom2 Atom3 Angle
C21 C22 H22B 109.3(5)
C23 C22 H22A 109.5(6)
C23 C22 H22B 109.3(6)
H22 A C22 H22B 10 9.8 ( 6)
C22 C23 C24 113.3(6)
£22 C23 H23A 109.3(6)
C22 C23 H23B 109.2(6)
C24 C23 H23A 109.7(7)
C24 C23 H23B 109.7(7)
H23A C23 H23B 105,4(6)
C23 C24 C25 111.1(6)
C23 C24 H24 A 109.3(7)
C23 C24 H24B 109,2(6)
C25 C24 H24 A 109,7(6)
C25 C24 H24B 109.5(7)
H24A C24 H24B 108.0(7)
C24 C25 C26 112*3(6)
C24 C25 H25A 109.3(7)
C24 C25 H25B 109.9(6)
C26 C25 H25 A 109,1(6)
C26 C25 H25B 109,2(7)
H25 A C25 H25B 106.7(6)
C21 C26 C25 108.9(5)
C21 C26 H26A 109,6(5)
C21 C26 H26B 109.9(5)
C25 C26 H26 A 109.2(6)
C25 C26 H26B 109,4(6)
H26A C26 H26B 109.9(6)
Atom 1 Atom2 Atom3 Angle
021 027 022 1 2 4 . 3 ( 4 )
021 027 028 1 2 4 , 6 ( 4 )
022 027 028 1 1 1 , 1 ( 4 )
C 028 027 1 1 1 , 8 ( 4 )
C 028 H28A 1 0 9 , 5 ( 4 )
C 028 H28B 1 0 9 . 5 ( 4 )
C27 028 H28 A 1 0 9 . 5 ( 4 )
C33 034 H34B 1 0 9 . 3 ( 5 )
C35 034 H34A 1 0 9 . 6 ( 5 )
035 034 H34B 1 0 9 . 7 ( 5 )
H34A 034 H34B 1 0 7 . 9 ( 6 )
034 035 036 1 1 1 . 0 ( 5 )
034 035 H35A 1 0 9 , 6 ( 6 )
034 035 H35B 1 0 9 . 2 ( 6 )
036 035 H35A 1 0 9 , 6 ( 6 )
036 035 H35B 1 0 9 , 3 ( 6 )
H35A 035 H35B 1 0 8 , 1 ( 6 )
031 036 035 1 1 0 , 5 ( 5 )
031 036 H36A 1 0 9 . 4 ( 5 )
031 036 H36B 1 0 9 . 5 ( 5 )
035 036 H36A 1 0 9 . 4 ( 5 )
035 036 H36B 1 0 9 , 6 ( 5 )
H36A 036 H36B 1 0 8 . 5 ( 5 )
031 037 032 1 2 4 , 5 ( 4 )
031 037 038 1 2 5 . 8 ( 4 )
032 037 038 1 0 9 . 6 ( 4 )
0 038 037 1 1 3 . 6 ( 4 )
C 038 H38A 1 0 9 , 5 ( 4 )
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A t o m  1 Atom2 Atom3 Angle
c 038 H38B 109.3(4
037 038 H38A 109.6(4
037 038 H38B 109.5(4
H28A 028 H28B 106.9(4)
032 031 032 110,4(4)
032 031 036 106,2(4)
032 031 H31 109,4(4)
C32 031 C36 111.9(4)
032 031 H31 109.5(4)
036 031 H31 109,5(4)
031 032 033 110,0(4)
031 032 H32A 109,4(5)
031 032 H32B 109,5(5)
033 032 H32A 109,5(5)
033 032 H32B 109.5(5)
H32 A 032 H32B 108.9(5)
032 033 034 111,3(5)
032 033 H33 A 109,3(5)
032 033 H33B 109.3(5)
034 033 H33A 109.6(5)
034 033 H33B 109,6(5)
H33A 033 H33B 107,6(6)
p77 n 4 p 7S 1 ■( 1
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Table o f Torsion Angles in  Degrees
Atom 1 Atom2 Atom3 Atom4 Angle
017 012 C U C12 1 3 8 . 4
C17 012 C U C16 - 9 9 , 6
Cl  7 012 C U H U 1 9 . 9
C U 012 C17 o u - 4 . 3
C U 012 C17 C 1 7 8 . 4
C27 022 C21 022 9 3 . 4
C27 022 C21 026 — 14 4 . 4
C27 022 C21 H21 - 2 6 . 6
C21 022 C27 021 - 0 . 8
C21 022 C27 028 1 7 9 , 4
C37 032 C31 032 81 . 2
C37 032 C31 036 - 1 5 7 , 3
C37 032 C31 H31 - 3 9 , 3
C31 032 C37 031 5 . 0
C31 032 C37 038 - 1 7 7 , 7
C28 C C17 O U - 8 3 , 8
C28 C C17 012 9 3 , 5
C38 C C17 o u 3 7 , 4
C38 C Cl 7 012 - 1 4 5 , 3
H C C17 O U 157 ,5
H C C17 012 - 2 5 . 2
Cl  7 C C28 027 - 1 6 7 . 7
C17 C C28 H28A 7 0 . 8
Cl  7 C C28 H28B - 4 6 . 2
C38 C C28 027 71 . 7
C38 C C28 H28A - 4 9 . 8
C38 C C28 H28B - 1 6 6 , 7
H C C28 027 - 4 9  .1
H C C28 H28A - 1 7 0 , 5
H C C28 H28B 7 2 . 5
Cl 7 C C38 037 6 4 . 1
C1 7 C C38 H38A - 5 8 . 8
Cl 7 C C38 H38B - 1 7 3 , 3
C28 c C38 037 - 1 7 6 , 7
C28 c C38 H38A 6 0 , 3
C28 c C38 H38B - 5 4 , 1
H c C38 037 - 5 6 . 0
H c C38 H38A - 1 7 8  , 9
H c C38 H38B 6 6 , 6
012 c u C12 013 1 7 8 . 3
012 • c u C12 H12A - 6 1  , 7
012 c u Cl. 2 HUB 58 .0
/ U Am Vj- .k » * r  w
022 C27 C28 H28A - 2 8 , 1
022 C27 C28 H28B 8 8 , 8
032 C31 C32 033 1 7 3 , 7
032 C31 C32 H32A - 6 5 . 9
032 C31 C32 H32B 5 3 , 4
C36 C31 C32 033 5 5 , 7
036 C31 C32 H32A 1 7 6 . 0
C36 C31 C32 H32B - 6 4 , 6
H31 C31 C32 033 - 6 5 , 8
H 31 C31 C32 H32A 5 4 , 5
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Atom 1 Atom2
C22 C21
H21 C21
H21 C21
H21 C21
C21 P09Ur «&. A*
C21 cr>r>w Am Am
C21 C22
H22A r99W  A* aU
H22 A C22
H22A £22
H22B C22
H22B £^2
H22B C22
C22 C23
C22 C23
C2? C23
H23 A C23
H23A C23
H23A C23
H23B C23
H23B C23
H23B C23
C23 C24
C23 C24
C23 C24
H24 A C24
H24 A C24
H24 A C24
H24B C24
H24B C24
H24B C24
C24 C25
C24 C25
C24 C25
H25A C25
H25A C25
H25A C25
H25B C25
H25B C25
H25B C25
021 C27
021 C27
C 16 C U
Cl 6 C U
H U C U
H U Cll
H U C U
012 Cll
012 Cll
012 C U
C12 Cll
C12 Cll
C 12 Cll
Atom3 Atom4
C26 H26B
C26 C25
C26 H26A
C26 H26B
C23 C24
C23 H23A
C23 H23B
C23 C24
C23 H23A
C23 H23B
C23 C24
C23 H23A
C23 H23B
C24 C25
C24 H24 A
C24 H24B
C24 C25
C24 H24A
C24 H24B
C24 C25
C24 H24 A
C24 H24B
C25 C26
C25 H25A
C25 H25B
C25 C26
C25 H25A
C25 H25B
C25 C26
C25 H25 A
C25 H25B
C26 C21
C26 H26A
C26 H26B
C26 C21
C26 H26A
C26 H26B
C26 C21
C26 H26A
C26 H26B
C28 C
C28 H28A
C12 H 12 A
C12 H12B
C12 C 13
C12 H12A
C12 H12B
Cl 6 CIS
C 16 H16A
C16 H16B
C 16 CIS
Cl 6 H16A
Cl 6 H16B
Angle
-177.7 
63.4 
-177.2 
-56,4 
-55.3 
-177,9 
67,3 
64.9 
-57.7 
-172.5 
-174 .8 
62 ♦ 6 
-52.2
53.7 
-67 .5
174.5
176.1
54.8 
-63,1 
- 6 8 . 6
170.1
52.2 
-53,8
-175,1
6 8 . 1
67.2 
-54 » 1
-170,9 
-174.5 
64 .2 
-52.6 
55.1 
-64 .5
175.2
176.6
56.9 
-63.3 
-67.1
173.3 
53,0
30.7
A ♦ *■«
178 , Y 
-61 ,4 
-63.2
56.7 
1 7 6 . 5
-176.7 
63 .6 
-56,8 
-58 ,4 
-178.1 
61 .6
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Atom 1 Atom2 Atom3 Atom4 Angle
H U Cil C 16 CIS 63,8
H U C11 C 1 6 H16A -55,9
H U c u C U H U B -176 ,2
C U C 12 C 13 C 14 -55,9
C U C 12 Cl 3 H13A 64 ,7
C U C 12 C 13 H13B -176 .5
H 12 A Cl 2 Cl 3 C 14 -175,9
HI 2 A C 12 C 13 H13A -55 .3
H12A C 12 C 13 H13B 63.5
H12B C 12 C 13 C 14 64 .3
H12B C12 C 13 H13A -175,1
H12B C 12 C 13 H13B -56 ,3
C 12 C 13 C 14 CIS 55,1
C 12 C 13 C 14 H14A 176 ,2
C 1 2 C 13 C 14 H14B -66,4
H 13 A Cl 3 C 14 CIS -65 ,6
HI 3 A C 13 Cl 4 H14A 55,5
HI 3 A C 13 C 14 H14B 172 , 9
H13B C 13 C14 CIS 175.6
H13B C 13 Cl 4 H 14 A -63,3
H13B Cl 3 Cl 4 H14B 54,1
C 13 C14 CIS C 16 -55 ,4
C13 C 14 CIS H1SA 65,8
Cl 3 C 14 CIS HI SB -176.5
H 14 A Cl 4 CIS C 16 -176,4
HI 4 A Cl 4 CIS H15A -55,1
H 14 A Cl 4 CIS H15B 62,5
H14B C 1 4 CIS C 16 65 ,9
H14B Cl 4 CIS H ISA -172,8
rfHl+B —  -- -Cl4 CIS HI SB -55,2
C 14 CIS Cl 6 C U 55,7
Cl 4 CIS Cl 6 H16A 175.5
C 14 CIS Cl 6 H16B -64 ,3
H15A CIS Cl 6 C U -65.6
H 15 A CIS C 16 H U A 54 .2
H15A CIS C 16 H U B 174 ,4
H15B CIS Cl 6 c u 176,8
HI SB CIS C 16 H16A -63,3
H 1 SB CIS C 16 H U B 56,9
022 C21 C22 C23 176 ,4
022 C21 C22 H22A 56,4
022 C-21 C22 H22B -64,1
C26 C21 C22 C23 57,4
C26 C21 C22 H22A -62.6
C26 C21 C22 H22B 177 ,0
H21 C21 P99W Jk« A— C23 -63.7
H21 C21 C22 H22A 176.2
H21 C21 C22 H22B 55,8
022 C21 C26 C25 -178,8
022 !C21 C26 H26A -59,4
022 |C21 C26 H26B 61,4
C22 C21 C26 C25 -57,9'
C22 b21 C26 H26 A 61,5
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Atom 1 Atom2 Atom3 Atom4 Angle
H31 031 032 H32B 1 7 3 . 9
032 031 036 035 - 1 7 6 . 8
032 031 036 H36A 6 2 . 8
032 031 036 H36B - 5 6 , 0
C32 031 036 035 - 5 6 . 2
C32 031 036 H36A - 1 7 6 , 7
C32 031 036 H36B 6 4 , 5
H31 031 036 035 6 5 , 3
H31 031 036 H36A - 5 5 , 2
H3:L 031 036 H36B - 1 7 4 , 0
031 032 033  . 034 - 5 5 , 3
031 032 033 H33A 6 5 , 9
031 032 • 033 H33B - 1 7 6 , 6
H32A 032 033 034 - 1 7 5 , 6
H32A 032 033 H33A - 5 4  .4
H32 A 032 033 H33B 6 3 , 1
H32B 032 033 034 6 5 , 0
H32B 032 033 H33A - 1 7 3 , 7
H32B 032 033 H33B - 5 6 , 2
032 033 034 035 5 6 , 7
032 033 034 H34A 1 7 7 , 7
032 033 034 H34B - 6 4 , 5
H33A 033 034 035 - 6 4 , 4
H33 A 033 034 H34 A 5 6 . 6
H33A 033 034 H34B 174 .4
H33B 033 034 035 177 ,7
H33B 033 034 H34A - 6 1 , 3
H33B 033 034 H34B 5 6 , 5
033 034 035 036 - 5 6 , 8
033 034 035 H 3 5 A 64.4 -
033 034 035 H35B - 1 7 7 , 4
H34 A 034 035 036 - 1 7 7 , 5
H34 A 034 035 H35A - 5 6 , 4
H34 A 034 035 H35B 6 1 , 8
H34B 034 035 036 6 4 , 2
H34B 034 035 H35A - 1 7 4 , 7
H34B 034 035 H35B - 5 6 . 5
034 035 036 031 5 6 . 4
034 035 036 H36A 1 7 6 , 9
034 035 036 H36B - 6 4 . 3
H35A 035 036 031 - 6 4 . 7
H35A 035 036 M3 6 A 5 5 , 7
H35A 035 036 H36B 1 7 4 . 6
H35B 035 036 031 1 7 7 , 0
H35B 035 036 H36A - 6 2  , 5
H35B 035 036 H36B 5 6 , 3
031 037 038 0 - 6 , 1
031 037 038 H38 A 1 1 6 . 8
031 037 038 H38B - 1 2 8 , 5
032 037 038 0 1 7 6 , 7
032 037 038 H38A - 6 0 , 5
032 037 038 H38B 5 4 . 2
A p p e n d ix  2
Scientist F or Window® models for data fitting
eta = NOE at 500 MHz 
R l = rate at 500 MHz 
etal = NOE at 300 MHz 
R ll = rate at 300 MHz
tS = Tc
wh= proton radiofrequency 
wc= carbon radiofrequency 
S2 = order parameter
11 "Model-Free" method at 300/500 MHz
/ MicroMath Scientist Model File 
//500/300 Lipari-Szabo 
lndVars:TEMP
DepVars: eta.RI.ts.INVT.etal.RU 
Params:S2,EACT,ts298,EfACTJtf298 
wh=2*PI*500/10A6 
wc=0.251*wh
ts=ts298*EXP(EACT/8.314*(1/TEMP -1/298)) 
tf=tf298*EXP(EfACT/8.314*(1 /TEMP -1 /298)) 
t=ts*tf/(ts+tf)
J1=(S2*2*ts/(1+(wc*ts) A2)/10A12)+(1 -S2)*2*t/(1 + (wc*t)A2)/10A12 
J2=(S2*2*ts/(1 +((wc+wh)*ts)A2)/10A12)+(1 -S2)*2T/(1+((wc+wh)*t)A2)/10A12 
J0=(S2*2*ts/(1+((wh-wc)*ts)A2)/10A12)+(1 -S2)*2*t/(1 +((wc-wh)*t)A2)/10A12 
J4=(S2*2*ts/(1 +(wh*ts)A2)/10A12)+(1 -S2)*2*t/(1 +(wh*t)A2)/10A12 
eta=3.977*(6*J2-J0)/(J0+3*J1+6*J2)
R1 =1.027*(J0+3*J1 +6*J2)*10A9
INVT=1/TEMP
wh1=0.6*wh
wc1=0.6*wc
J11 =(S2*2*ts/(1+(wc1 *ts)A2)/10A12)+(1 -S2)*2*t/(1 +(wc1 *t)A2)/10A12 
J21=(S2*2*ts/(1+((wc1 +wh1)*ts)A2)/10A12)+(1 -S2)*2*t/(1+((wc1 +wh1)*t)A2)/10A12 
J01 =(S2*2*ts/(1 + ((whi -wc1 )*ts)A2)/10A12)+(1 -S2)*2*t/(1 + ((wc1 -wh1)*t)A2)/10A12 
J41 =(S2*2*ts/(1 +(wh1*ts)A2)/10A12)+(1 -S2)*2*t/(1+(wh1 *t)A2)/10A12 
etal =3.977*(6*J21 -J01)/(J01 +3*J11 +6* J21)
R11=1.027*(J01 +3*J11+6*J21 )*10A9
2} Reduced Lorentzian model at 300/500 M Hz
// MicroMath Scientist Model File 
//50Q/300 Reduced Lorentzian 
lndVars:TEMP
DepVars: eta.RI.ts.lNVT.etal.RU 
Params: S2, EACT,ts298 
wh=2*PI*500/10A6 
wc=0.251*wh
ts=ts298*EXP(EACT/8.314*(1/TEMP -1/298)) 
J1 =2*ts/(1 +(wc*ts)A2)/10A12 
J2=2*ts/(1 +((wc+wh)*ts)A2)/10A12 
J0=2*ts/(1+((wh-wc)*ts)A2)/10A12 
J4=2*ts/(1+(wh*ts)A2)/10A12 
eta=3.977*(6*J2-J0)/(J0+3*J1+6*J2)
R1=1.027*S2*(J0+3*J1 +6*J2)*10A9
INVT=1/TEMP
wh1=0.6*wh
wc1=0.6*wc
J11 =2*ts/(1+(wc1 *ts)A2)/10A12
J21 =2*ts/(1 + ((wc1 +wh1)*ts)A2)/10A12
J01 =2*ts/(1+((wh1 -wc1)*ts)A2)/10A12
J41 =2*ts/(1+(wh 1 *ts)A2)/10A12
etal =3.977*(6*J21 -J01 )/(J01 +3*J11 +6*J21)
R11 =1,027*S2*(J01 +3*J11 +6*J21)*10A9
3) "Model-Free" method with S2 as a variable at 300/500 MHz
// MicroMath Scientist Model File 
//500/300 Lipari-Szabo 
lndVars:TEMP
DepVars: eta.RI.ts.INVT.etal.RU 
Params: S2, EACT,ts298, Ef ACT,tf298, a 
wh=2*PI*500/10A6 
wc=0.251*wh
ts=ts298*EXP(EACT/8.314*(1 /TEMP -1 /298)) 
tf=tf298*EXP(EfACT/8.314*(1/TEMP -1/298)) 
t=ts*tf/(ts+tf)
S298=S2-a*(l N VT-(1 /298))
J1 =(S2*2*ts/(1+(wc*ts)A2)/10A12)+(1 -S2)*2*t/(1 +(wc*t)A2)/10A12 
J2=(S2*2*ts/(1 +((wc+wh)*ts)A2)/10A12)+(1 -S2)*2*t/(1 +((wc+wh)*t)A2)/10A12 
J0=(S2*2*ts/(1 +((wh-wc)*ts)A2)/10A12)+(1 -S2)*2*t/(1 +((wc-wh)*t)A2)/10A12 
J4=(S2*2*ts/(1+(wh*ts)A2)/10A12)+(1 -S2)*2*t/(1+(wh*t)A2)/10A12 
eta=3.977*(6*J2-J0)/(J0+3*J 1 +6*J2)
R1 =1.027*(J0+3*J1 +6*J2)*10A9
INVT=1/TEMP
wh1=0.6*wh
wc1=0.6*wc
J11=(S2*2*ts/(1 + (wc1 *ts) A2)/10A12)+(1 -S2)*2*t/(1 +(wc1 *t)A2)/10A12 
J21 =(S2*2*ts/(1+((wc1 +wh1)*ts)A2)/10A12)+(1 -S2)*2*t/(1 +((wc1 +wh1)*t)A2)/10A12 
J01 =(S2*2*ts/(1+((wh1 -wc1)*ts)A2)/10A12)+(1 -S2)*2*t/(1 +((wc1 -wh1)*t)A2)/10A12 
J41=(S2*2*ts/(1+(wh1 *ts)A2)/10A12)+(1 -S2)*2*t/(1 +(wh1 *t)A2)/10A12 
etal =3.977*(6*J21 - J01 )/(J01 +3* J11 +6* J21)
R11 =1.027*(J01 +3*J11 +6*J21 )T0A9
41 Point calculation (single temperature) at 300/500 MHz
II MicroMath Scientist Model File 
//500/300 Lipari-Szabo 
lndVars:TEMP
DepVars: eta,R1,lNVT,eta1,R11
Params:S2,ts,tf
wh=2*PI*500/10A6
wc=0.251*wh
t=ts*tf/(ts+tf)
J1 =(S2*2*ts/(1+(wc*ts)A2)/10A12)+(1 -S2)*2*t/(1+(wc*t)A2)/10A12 
J2=(S2*2*ts/(1 + ((wc+wh)*ts)A2)/10A12)+(1 -S2)*2*t/(1+((wc+wh)*t)A2)/10A12 
J0=(S2*2*ts/(1 +((wh-wc)*ts)A2)/10A12)+(1 -S2j2*t/(1 +((wc-wh)*t)A2)/10A12 
J4=(S2*2*ts/(1 +(wh*ts)A2)/10A12)+(1 -S2)*2*t/(1+(wh*t)A2)/10A12 
eta=3.977*(6*J2-J0)/(J0+3*J1+6*J2)
R1=1.027*(J0+3*J1 +6*J2)*10A9
INVT=1/TEMP
wh1=0.6*wh
wd=0.6*wc
J11=(S2*2*ts/(1+(wd *ts)A2)/10A12)+(1 -S2)*2*t/(1+(wc1 *t)A2)/10A12 
J21=(S2*2*ts/(1 +((wc1 +wh1)*ts)A2)/10A12)+(1 -S2)*2*t/(1+((wc1 +wh1)*t)A2)/10A12 
J01 =(S2*2*ts/(1+((wh1 -wc1)*ts)A2)/10A12)+(1 -S2)*2*t/(1 +((wc1 -wb1)*t)A2)/10A12 
J41 =(S2*2*ts/(1 +(wh1 *ts)A2)/10A12)+(1 -S2)*2*t/(1 +(wh1 *t)A2)/10A12 
etal =3.977*(6*J21 - J01 )/(J01 +3* J11 +6* J21)
R11 =1.027*(J01 +3*J11 +6*J21)*1 0A9
